
























OpenAIR takedown statement: 
 
 This work is made freely 






This ƚŚĞƐŝƐ is distributed under a CC ____________ license. 
____________________________________________________ 
 
Section 6 of the “Repository policy for OpenAIR @ RGU” (available from http://www.rgu.ac.uk/staff-and-current-
students/library/library-policies/repository-policies) provides guidance on the criteria under which RGU will 
consider withdrawing material from OpenAIR. If you believe that this item is subject to any of these criteria, or for 
any other reason should not be held on OpenAIR, then please contact openair-help@rgu.ac.uk with the details of 
the item and the nature of your complaint. 
















































































































































for	 his	 excellent	 support,	 guidance,	 understanding	 and	 patience	 throughout	 this	 research	
work.	 I	 have	been	very	 fortunate	 to	work	under	his	 supervision,	he	 taught	me	 to	have	 self	
belief	and	I	will	remain	ever	grateful.	I	cannot	thank	him	enough.		





useful	 suggestions	 during	 the	 construction	 and	 installation	 of	 the	 experimental	 flow	 loop	
used	for	this	work.		
My	 special	 thanks	 to	 Petroleum	 Technology	 Development	 Fund	 (PTDF)	 for	 providing	 the	
funding	 for	 my	 doctoral	 research	 work;	 without	 them	 it	 may	 have	 been	 difficult	 if	 not	
impossible.	 I	 would	 also	 like	 to	 express	 profound	 gratitude	 to	my	 employer,	 University	 of	
Benin,	Benin	City,	Nigeria	 for	granting	me	a	 study	 leave	 to	undertake	 this	 research	work.	 I	
also	 like	 to	 thank	my	colleagues	at	 the	Department	of	Petroleum	Engineering,	University	of	
Benin	for	their	support	and	encouragement.	
More	importantly,	I	cannot	thank	my	beautiful	and	beloved	wife,	Taiwo	Funmilola,	enough	for	
her	 love	 and	 patience	 throughout	 the	 period	 of	 this	work.	 She	 is	 a	wonderful	woman.	My	
children,	Kamil	Olalekan	and	Yasmina	Oyinkansola	have	been	wonderful	 even	when	daddy	
could	not	give	enough	time.	The	little	time	we	shared	has	been	quite	rewarding	and	they	are	a	
constant	 source	of	motivation	 and	happiness	 for	me.	 I	 know	 I	 have	not	 offered	 the	 best	 of	
support	while	I	was	on	the	program,	but	I	hope	they	all	understand	it’s	for	the	benefit	of	all	of	
us.		
I	 thank	my	 research	 colleagues,	 Amol	 Bali,	 Smail	 Labed,	 Patrick	 Idahosa,	 Reza	 Sanaee	 and	
































































Transportation	 of	 unprocessed	 multiphase	 reservoir	 fluids	 from	 deep/ultra	 deep	 offshore	
through	a	long	subsea	tieback/pipeline	is	inevitable.	This	form	of	transportation	is	complex	
and	 requires	 accurate	knowledge	of	 critical	 transport	 velocity,	 flow	pattern	 changes,	phase	
velocity,	 pressure	 drop,	 particle	 drag	 &	 lift	 forces,	 sand/liquid/gas	 holdup,	 flow	 rate	
requirement	and	tieback	sizing	etc	at	the	early	design	phase	and	during	operation	for	process	
optimisation.		
This	 research	 investigated	 sand	 transport	 characteristics	 in	multiphase,	water‐oil‐gas‐sand	
flows	 in	horizontal,	 inclined	 and	vertical	 pipes.	Two	 critical	 factors	 that	 influence	 the	 solid	
particle	 transport	 in	 the	 case	 of	 multiphase	 flow	 in	 pipes	 were	 identified;	 these	 are	 the	
transient	phenomena	of	flow	patterns	and	the	characteristic	drag	&	lift	coefficients	( DC , LC ).	
Therefore,	 the	 equations	 for	 velocity	 profile	were	 developed	 for	 key	 flow	patterns	 such	 as	
dispersed	 bubble	 flow,	 stratified	 flow,	 slug	 flow	 and	 annular	 flow	 using	 a	 combination	 of	
analytical	equations	and	numerical	simulation	tool	(CFD).	The	existing	correlations	for	 DC 	&	
LC 	were	modified	with	data	 acquired	 from	multiphase	experiment	 in	order	 to	 account	 for	
different	 flow	 patterns.	 Minimum	 Transport	 Velocity	 (MTV)	 models	 for	 suspension	 and	
rolling	 were	 developed	 by	 combining	 the	 numerically	 developed	 particle	 velocity	 profile	
models	with	semi‐empirical	models	for	solid	particle	transport.	The	models	took	into	account	
the	critical	parameters	that	influence	particle	transport	in	pipe	flow	such	as	flow	patterns	and	
particle	 drag	 &	 lift	 coefficients,	 thus	 eliminate	 inaccuracies	 currently	 experienced	 with	
similar	models	in	public	domain.		
The	predictions	of	the	proposed	MTV	models	for	suspension	and	rolling	in	dispersed	bubble,	
slug	 flow	 and	 annular	 flow	 show	maximum	 average	 error	margin	 of	 12%	when	 compared	
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Symbol	 	 	 	 Description	 	 	 	 	 Unit	
A	 	 	 	 	 Pipe	cross‐sectional	area	 	 	 m²	
DC 	 	 	 	 	 Particle	drag	coefficient	 	 	 	‐	
LC 	 	 	 	 	 Particle	lift	coefficient	 	 	 	 	‐	
dp		 	 	 	 	 Solid	particle	diameter		 	 	 m	
D		 	 	 	 	 Pipe	diameter		 	 	 	 	 m	
DH		 	 	 	 	 Hydraulic	diameter	of	pipe		 	 	 m	
f	 	 	 	 	 Friction	factor	 	 	 	 															‐	
tpf 	 	 	 	 	 Two‐phase	friction	factor	 	 	 ‐	
g	 	 	 	 	 Acceleration	due	to	gravity	 	 	 m/s²		
LH 	 	 	 	 	 Liquid	holdup		 	 	 	 	 	‐	
L	 	 	 	 	 Pipe	length	 	 	 	 	 m	
frN 	 	 	 	 	 Froude	Number		 	 	 	 ‐	
r	 	 	 	 	 Distance	from	pipe	wall	 	 	 m	
R	 	 	 	 	 Pipe	radius	 	 	 	 	 m	
epR 	 	 	 	 	 Particle	Reynolds	Number	 	 	 	‐	
t		 	 	 	 	 Time		 	 	 	 	 	 s	
Vc		 	 	 	 	 Critical	(slip)	velocity		 	 	 	 m/s	
Vm		 	 	 	 	 Minimum	transport	velocity		 	 	 m/s	
Vsg		 	 	 	 	 Superficial	gas	velocity		 	 	 m/s	
Vsl		 	 	 	 	 Superficial	liquid	velocity		 	 	 m/s	
g 	 	 	 	 	 Gas	dynamic	viscosity			 	 	 Pa.s	
l 	 	 	 	 	 Liquid	dynamic	viscosity		 	 	 Pa.s	
g 	 	 	 	 	 Gas	density		 	 	 	 	 kg/m³	
l 	 	 	 	 	 Liquid	density			 	 	 	 kg/m³	
m 	 	 	 	 	 Mixture	density		 	 	 	 kg/m³	
s 		 	 	 	 	 Solid	density	 	 	 	 	 kg/m³	
ΔP	 	 	 	 	 Pressure	drop	 	 	 	 	 Psi	












discoveries	 with	 potential	 to	 bridge	 the	 supply	 gaps	 are	 in	 deep	 or	 ultra	 deep	 water	
environment	where	access	is	extremely	challenging.		
The	 offshore	 environment	 is	 characterised	 by	 highly	 unconsolidated	 sandstone	 reservoirs	
with	high	pressures	and	high	temperatures	which	are	highly	susceptible	to	sand	production.	
The	 productive	 zones	 tend	 to	 be	 relatively	 shallow	 below	 the	 mud	 line	 with	 rapid	
depressurisation	 and	greater	 chance	 of	 gas	 influx,	 early	water	breakthrough	 and	 attendant	
solid	production.	The	production	of	formation	sand	into	the	wellbore	and	topside	facilities	is	
a	 common	 problem	 especially	 when	 producing	 from	 unconsolidated	 reservoirs	 with	
attendant	 adverse	 effect	 on	well	 productivity	 and	 equipment	 integrity.	 In	 such	 a	 case,	 the	
traditional	approach	is	to	minimize	the	production	of	sand	that	enter	the	production	strings	
by	applying	downhole	sand	control	techniques,	such	as	gravel	packing	and	screens	etc.	either	
at	 the	 beginning	 or	 at	 a	 later	 date	 in	 the	 production	 life	 of	 the	 well,	 aimed	 at	 preventing	
formation	 sand	 from	 entering	 the	 production	 system.	 In	 recent	 times,	 many	 oil	 and	 gas	
producers	 have	 abandoned	 the	 “zero‐sand‐production‐philosophy”	 by	 carefully	monitoring	
















However,	 the	production	 and	 transportation	of	 these	unprocessed	 reservoir	 fluids	 through	
the	pipeline	are	most	often	difficult	to	predict	because	of	the	number	of	flow	patterns	and	the	






due	 to	 changes	 in	 temperature	 around	 the	 pipeline	with	 attendant	 liquid	 increase	
and	possible	pressure	drop.		
3. The	 particles	 drag	 &	 lift	 forces	 in	 multiphase	 fluids	 influenced	 by	 the	 effects	 of	
changing	flow	patterns.	
4. Sand	bed	height	determination	including	locating	sand	bed	deposit	has	continued	to	














and	 topographies.	The	 formation	of	 flow	patterns	 from	multiphase	 flow	and	 its	 continuous	
changes	are	a	regular	occurrence.	The	key	to	efficient	design	and	safe	operation	of	pipelines	
handling	multiphase	flows	is	high	quality	information	regarding	clear	definitions	of	the	flow	
patterns.	 The	widespread	occurrence	 of	 transporting	 unprocessed	 reservoir	 fluids	 in	 pipes	














In	 ultra	 deepwater	 and	 mature	 fields,	 multiphase	 fluid	 with	 entrained	 sand	 production	 is	
inevitable.	Sand	transport	in	multiphase	environment	is	a	challenge	because	of	transient	flow	
pattern	changes	and	associated	huge	pressure	drops.	Solids	are	transported	in	various	forms	

















Critical	 review	 of	 existing	 literatures	 with	 regards	 to	 oil‐water‐gas‐solids	 reveals	 limited	
information	on	the	solid	transport	in	multiphase	fluids	especially	when	viewed	in	the	context	
of	 flow	 patterns.	 Few	 authors	 that	 have	 dealt	 with	 the	 subject	 mainly	 focused	 on	 the	
measurement	 of	 pressure	 drops	 and	 sand	 transport	 rate	 which	 is	 independent	 of	 flow	
patterns	 (Bello,	Reinicke	and	Teodorin	2005).	 In	 the	development	of	predictive	models	 for	
solid	 transport	 therefore,	 the	 objective	 is	 to	 propose	 models	 that	 will	 apply	 to	 all	 flow	
patterns	at	any	inclination.		
Different	multiphase	 flow	patterns	will	 be	 formed	 as	 the	 fluid	 travels	 through	 the	pipeline	
from	 dispersed	 bubble	 flow	 to	 slug	 flow,	 annular	 flow	 and	 eventually	 stratified	 flow	
depending	on	the	prevailing	fluid	mixture	properties	and	pipeline	geometry.	Investigating	the	
impact	of	flow	patterns	on	sand	transport	in	multiphase	fluids	is	critical	to	the	sand	transport	
mechanisms.	 Effective	 sand	 transport	 will	 require	 tracking	 the	 flow	 pattern	 changes	 as	
multiphase	 flow	 through	 the	 pipe.	 A	 number	 of	models	 are	 reported	 in	 the	 literatures	 for	
prediction	of	sand	transport	 in	pipelines.	Most	are	developed	to	measure	sand	transport	 in	
air/water	 two	phase	 flows	and	some	extending	 the	existing	hydraulic	 conveying	models	 to	
multiphase	case	which	cannot	accurately	predict	particle	movement	in	multiphase	flow.	This	
is	 because	 sand	 particle	 input	 volumetric	 fraction	 for	most	 conventional	wellbores	 and	 oil	





transport	 velocity	 in	 multiphase	 flow,	 it	 is	 necessary	 to	 understand	 the	 mechanism	 of	
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interaction	 of	 fluid	 flow	 and	 sand	 particles	 movements.	 	 The	 particles	 are	 transported	
differently	by	different	 flow	patterns	because	 they	are	 subjected	 to	different	driving	 forces	
such	as	lift	and	drag	forces.		
In	this	research,	developing	predictive	models	for	sand	transport	in	multiphase	flow	either	in	
suspension	 or	 rolling	 is	 central.	 A	 unique	 concept	 of	 fluid	 velocity	 profiles	 combined	with	
minimum	transport	velocity	has	been	adopted.	The	velocity	profile	concept	assumes	that	the	





profile,	 the	 computational	 fluid	dynamics	 (CFD)	was	used	as	virtual	 laboratory	 to	 generate	











2. Opportunity	 to	 define	 appropriate	 solid	 particle	 DC 	 &	 LC 	 in	 the	 context	 of	
multiphase	flow	patterns.		
3. The	 need	 to	 have	 reliable	 data	 from	 controlled	 experiment	 for	 model	 testing	 and	
validation.	
4. And	 an	 attempt	 to	 confirm	 some	 of	 the	 conclusions	 made	 by	 previous	 workers	
regarding	solid	transport	in	multiphase	and	flow	pattern	characteristics.	
	
The	 methods	 adopted	 in	 this	 research	 will	 ultimately	 address	 solid	 transport	 behaviour	
issues	in	gas‐oil‐water‐sand	multiphase	in	pipelines/tiebacks	which	was	based	on	the	physics	
of	 the	multiphase	 and	 comprehensive	 experimental	 studies.	 It	 is	 believed	 that	 any	 particle	








2. Design	 and	 construct	 a	 fit	 for	 purpose	 multiphase	 flow	 loop	 to	 experimentally	
investigate	and	characterise	flow	patterns	in	multiphase	fluid	flow.			
3. Experimentally	 investigate	 sand	 transport	 phenomenon	 in	multiphase	 fluid	 flow	 in	
pipes	for	different	flow	patterns.	
4. Investigate	 minimum	 transport	 velocity	 for	 suspension	 and	 rolling	 in	 three/four	




of	 solving	 multiple	 challenges	 associated	 with	 long	 pipeline/tieback	 in	 multiphase	
fluid	flow	using	the	concept	of	multiphase	flow	velocity	profiles.		






The	 fundamental	 objective	 of	 this	 research	 work	 was	 to	 investigate	 solid	 transport	
phenomenon	in	three‐phase	gas‐liquid‐solid/four‐phase	gas‐oil‐water‐solid	in	pipe.	The	need	
to	 understand	 the	 physics	 of	 multiphase	 transport	 phenomenon	 and	 relevant	 transport	
mechanism	 controlling	 particle	 motion	 in	 three‐phase/four‐phase,	 gas‐oil‐water‐solid	 flow	
systems	was	the	key	driver	for	this	project.	The	particles	may	be	transported	differently	by	
different	 flow	patterns	because	 they	are	subjected	 to	different	driving	 forces.	The	 transient	
nature	 of	 multiphase	 fluid	 flow	 further	 makes	 the	 particle	 transport	 driving	 forces	
complicated.	 This	 understanding	 formed	 the	 basis	 on	 which	 the	 approaches	 to	 this	 work	
were	developed.	The	following	methods	were	therefore	adopted:	
	




2. Developed	 velocity	 profiles	models	 for	 key	 flow	 patterns	 such	 as	 dispersed	 bubble	
flow,	 slug	 flow	 stratified	 flow	 and	 annular	 flow	 influencing	 transport	 mechanism	
using	combined	numerical	(computational	fluid	dynamics)	and	analytical	methods.	
3. Developed	preliminary	minimum	transport	velocity	(MTV)	model	for	suspension	and	
in	 rolling	 for	multiphase	 fluid	 flow	 in	 pipes	 relying	 on	 experimental	 data	 obtained	
from	literatures.	
4. Evaluated	 the	 performance	 of	 the	 preliminary	 models	 by	 comparing	 with	 existing	
models	from	the	literatures.	




7. Tested	 and	 validated	 the	models	 with	 acquired	 experimental	 data.	 Compared	with	
existing	models	in	public	domain.	



















The	 operators	 are	 often	 faced	 with	 multiple	 challenges	 of	 maintaining	 production	 output	
levels	in	mature	fields	while	seeking	better	ways	of	effectively	exploiting	new	discoveries	in	
growth	areas,	such	as,	West	Africa,	US	Gulf	of	Mexico	and	Brazil.	One	of	the	consequences	of	




harsher,	 deep	&	 ultra	 deep	water	 environments.	 The	 pace	 of	 technology	 has	 been	 slow	 in	
response	to	industry	demand	for	solution	to	deepwater	field	challenges.	Globally,	deepwater	
experience	and	knowledge	were	 limited,	 so	 is	 the	 technology	 (Schneider	2001).	One	of	 the	
key	technology	areas	is	accommodating	large	number	of	small	and	many	large	discoveries	in	
remote	and	difficult	environment	which	can	be	tied	back	to	an	existing	facilities	and	ensuring	
cost	 and	 efficient	 production.	 For	 example,	 West	 Africa	 with	 significant	 deepwater	 oil	
reserves	 and	 favoured	 by	 the	 geographical	 distribution	 of	 its	 fields,	 the	 development	 will	
require	multiple	wells	being	tied‐back	to	one	central	processing	facility	onshore	or	offshore	
(Iledare	2009).		



















The	 issues	 here	 are	 varied	 and	 introduce	 different	 complexities	 from	 exploration	 to	
production.	 As	 can	 be	 seen,	 the	 determination	 of	 best	 development	 concept	 is	 not	 only	





whenever	 the	 distance	 from	 the	 well	 target	 back	 to	 the	 platform	 is	 beyond	 the	 limit	 of	
horizontal	 drilling.	 The	 choice	 of	 production	 and	 transportation	 options	 for	 liquid	
hydrocarbons	and	gas	is	important	and	is	affected	by	the	distance	to	other	infrastructure,	the	
water	 depths	 involved,	 geo‐hazards,	 reservoir	 fluid	 characteristics,	 production	 rates,	 and	
reserves	 (Hartell	 and	 Greenwald	 2009).		In	 this	 kind	 of	 scenario,	 especially	 in	 the	 case	 of	
marginal	oilfields,	the	industry	faces	the	challenge	of	making	the	exploitation	developments	
technically	 viable	 and	 cost	 effective	 to	 guarantee	 project	 success.	 To	 make	 possible	 the	
profitable	 development	 of	 such	 oilfields	 and	 increase	 the	 project	 net	 present	 value,	 it	 is	
required	 to	 keep	 the	 capital	 and	 operational	 expenditures	 within	 reasonable	 limits.	 For	
capital	 expenditure	 reduction	 for	marginal	 fields,	 the	 first	 suggestion	 is	 the	 elimination	 of	









push	 the	 water	 depth	 boundaries	 and	 those	 that	 are	 remote	 from	 existing	 infrastructure.	






high	 temperature	 fluids	 from	 the	 reservoir	 flowing	 through	 the	 pipeline	 with	
potential	for	liquid	condensation	as	a	result.	This	constitutes	additional	liquid	mixture	
with	different	molecular	weight,	density	and	viscosity.	
3. 	The	offshore	environment	 is	 characterised	by	highly	unconsolidated	 reservoir	with	
productive	zones	relatively	shallow	and	rapid	depressurisation	is	quite	common	with	
greater	 chance	 of	 gas	 influx,	 early	 water	 breakthrough	 and	 attendant	 solid	





Various	 strategies	 have	 been	 adopted	 for	 different	 subsea	 production	 tiebacks	 projects	 in	
order	 to	meet	 the	 challenges	 identified	 above.	 The	 technical	 solutions	 adopted	 for	 Ormen	
Lange	have	been	governed	by	a	subsea	development	concept	where	subsea	pipeline	was	tied	






140km	 north‐west	 of	 Shetland	 Islands.	 The	 region	 is	 served	 by	 limited	 oil	 and	 gas	
infrastructure	and	 the	 so	 called	 "stranded	gas"	 fields	have	been	 left	undeveloped	primarily	
due	 to	 the	 significant	 investment	 required	 to	 establish	 an	 export	 route	 to	 market	 in	 this	
remote	and	harsh	environment	(Cutler	2009).	The	project	represents	a	significant	challenge	
in	 terms	 of	 its	 scale	 and	 technical	 difficulty,	 combined	 with	 the	 harsh	 and	 demanding	






and	 is	expected	 to	rise.	And	 the	declines	 in	resource	 from	mature	 fields	which	 is	no	 longer	
meeting	the	supply	gap.	But	huge	development	cost	and	technology	have	been	the	key	issues	
of	 concern	 for	 operators	 in	 their	 quest	 to	 bring	 new	 oil	 supply	 to	 the	 market	 from	 the	
deepwater	 resources.	 They	 had	 to	 deal	 with	 the	 implications	 of	 hardware,	 pipeline	 and	
umbilical	 integrity	 and	 functionality	 at	 extreme	 water	 depths	 in	 remote	 locations.	 The	
important	 issue	 relates	 to	 system	 integrity	 and	 reliability.	 This	 is	 to	 ensure	 the	 system	 is	
functioning	once	it	is	installed	(Abbott	et	al.		1995).	
	2.2	A	review	of	deepwater	tiebacks	technology	
There	 are	 a	 number	 of	 deepwater	 fields	 which	 are	 developed	 with	 long	 distance	 subsea	
tiebacks	either	to	a	host	facility	or	directly	to	the	beach.	The	first	four	deepwater	oil	tiebacks	
were	 installed	 in	1996	 in	Gulf	of	Mexico	 (GOM).	Pompano	 II	was	 the	 first	 remote	manifold	
tieback	in	the	deepwater	GOM	(Heng,	Ronalds	and	Edwards	2000).	It	is	a	large	oil	field,	and	a	
tieback	 to	 an	 existing	 platform	 fulfilled	 the	 project	 philosophy	 of	 reduced	 initial	 capital	
exposure.	As	 can	be	 seen	 from	Figure	2.2,	 a	 lot	 of	major	 reserves	 finds	are	 located	 in	 very	
challenging	 operating	 environments	 such	 as	 deep	 and	 ultra	 deep	 waters.	 Subsea	 tieback	
systems	 have	 evolved	 over	 the	 years	 as	 a	 solution	 to	 the	 challenge	 of	 transporting	 these	
reservoir	fluids	in	a	cost	effective	manner.	The	varying	challenges	are	complicated,	there	are	
complex	 seabed	 topographies	 and	 the	 continuous	 change	 in	 flow	 patterns,	 the	 attendant	











Canyon	 Express	 subsea	 tieback,	 at	 90	 kilometers	 from	 Camden	 Hills	 to	 Canyon	 Station	
Platform,	 is	 one	 of	 the	 longest	 subsea	 tiebacks	 in	 the	 Gulf	 of	Mexico	 (Forbord	 2007).	 The	




kilometers	 long	6	 inches	pipelines	 from	the	gas	processing	plant	at	Nyhamna	to	 the	Ormen	
Lange	manifold	in	water	depths	ranging	from	0	–	850	meters	(Eklund	and	Paulsen	2007).	The	
challenges	 encountered	 was	 the	 fact	 that	 the	 installations	must	 withstand	 the	 exceptional	
currents	 that	 are	 characteristic	 of	 this	 part	 of	 the	 Norwegian	 Sea,	 as	 well	 as	 sub‐zero	
temperatures	on	the	sea	bed,	and	extreme	wind	and	wave	conditions.	The	project	execution	
strategy	 was	 challenging	 to	 a	 significant	 extent,	 Statoil	 established	 collaboration	 with	 key	
sections	of	the	Norwegian	research	and	industrial	communities	which	adopted	the	concept	of	
tieback	as	viable	means	of	developing	the	field.		
The	 first	 notable	 oil	 production	 subsea	 tieback	 in	 Canada	 is	North	Amethyst	 field	 offshore	
Newfoundland	&	Labrador.	The	tieback	distance	is	6	kilometers	to	the	sea	of	Rose	FPSO.	This	
was	part	of	the	collaborative	efforts	to	develop	15	other	smaller	fields	located	in	the	Northern	
Grand	Banks,	whose	resources	are	 insufficient	 to	 justify	stand‐alone	production	 facilities.	 It	
will	 make	 possible	 to	 utilise	 the	 spare	 production	 capacity	 of	 Rose	 FPSO	 and	 exploit	 the	
smaller	fields	via	subsea	tiebacks	technology	to	help	reduce	development	costs	(Hawkins	et	
al	2008).	
The	 ESSO	 Exploration	 Angola	 proposed	 subsea	 tieback	 for	 the	 Kizomba	 Satellites	
development	in	Block	15,	approximately	145	kilometers	west	of	Soyo	at	water	depths	ranging	
from	 1,000	 ‐	 1,200	 meters	 (ExxonMobil	 2012).	 Eighteen	 wells	 are	 planned	 with	 subsea	
tiebacks	to	the	existing	Kizomba	A	and	B	floating,	production,	storage	and	offloading	(FPSO)	
vessels.	 This	 is	 to	 optimize	 the	 capabilities	 of	 on‐block	 facilities	 and	 reduce	 capital	
expenditure	 in	 order	 to	 increase	 current	 production	 levels	without	 requiring	 an	 additional	
FPSO	vessel.		
The	Snohvit	project	by	Statoil	represents	the	longest	tieback	to	 land	that	 is	entirely	subsea.	
Located	 160	 kilometers	 from	 processing	 facility	 represents	 a	 milestone	 for	 long	 distance	
transport	 of	 unprocessed	 well	 streams	 (Statoil	 Exploration	 and	 Production	 2012).	 The	





at	 the	 wellheads	 combined	 with	 heating	 up	 the	 pipeline	 electrically	 as	 required.	 Such	




the	 gas	 and	 associated	 condensate	 from	 offshore	 in	 600	 meters	 water	 depth	 some	 140	
kilometers	 North‐West	 of	 the	 Shetland	 Islands.	 The	 Laggan‐Tormore	 Project	 will	 involve	
extensive	operations	to	build	a	new	onshore	gas	terminal	plus	subsea	facilities	and	pipelines	
in	 a	 demanding	 offshore	 environment.	 The	 overall	 development	 concept	 consists	 of	 a	 140	
kilometers	long	distance	tie‐back	of	subsea	wells	connected	to	a	new	gas	processing	terminal	
at	Sullom	Voe	on	Shetland.	The	project	required	extensive	flow	assurance	modeling	in	order	
to	 predict	 the	 flow	 regime	 and	 liquid	 hold‐up	 in	 the	 pipeline	 to	 correctly	 size	 the	 onshore	
reception	facilities	(Cutler	2009).	
Deep	water	fields	represent	a	significant	part	of	our	future	oil	and	gas	projection	to	bridge	the	
dwindling	 supply.	 With	 advancement	 in	 subsea	 tiebacks	 and	 improvement	 in	 associated	
challenges,	more	fields	will	become	economically	recoverable,	ensuring	the	continued	growth	
of	 the	 deep	 and	 ultra‐deepwater	 sector	 in	 the	 future.	 Table	 2.1	 show	 tieback	 development	
projects	 spread	 across	 different	 regions.	 Many	 of	 the	 reservoirs	 to	 be	 developed	 are	 of	
reduced	sizes	that	do	not	justify	stand	alone	surface	facilities.	And	small	reservoirs	can	only	
be	considered	as	economical	provided	that	we	can	take	advantage	of	existing	facilities	for	a	















1996	 Malampaya,	Philippine	 850	 30	 16	 Cond.	
1997	 Mensa,	GoM,	USA.		 1600	 110	 12	 Gas		
1999	 Roncador,	GoM,	USA	 1850	 2	 12	 Oil	
1999	 Tobermory,	North	Sea	UK	 1600	 175	 12	 Oil	&	gas	
2000	 Mossgas,	South	Africa	 810	 60	 12	 Gas	
2002		 Canyon	express,	GoM,	USA	 2200	 90	 12	 Gas		
2003	 Na	Kika,	GoM,	USA	 2100	 39	 12/16	 Oil	&	Gas	
2003	 Scarab	Saffron,	Egypt	 620	 90	 20	 Gas	
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2004	 Coulomb,	GoM,	USA.	 2300	 40	 12	 Gas	
2004	 Golden	Eye,	UK	 120	 105	 20	 Gas	
2004	 Thunder	Horse,	GoM,	USA	 1860	 6	 12	 Oil	
2005	 Snohvit,	Norway	 245	 160	 27	 Gas	
2005	 Simian	&	Sienna,	Egypt.		 90	 114	 12	 Gas	
2006	 Erha	North,	Nigeria	 1190	 10	 6/10	 Oil	
2006	 Snow	white,NS,	Norway		 340	 161	 12	 Gas	
2007	 Ormen	Lange,	NS,	Norway		 1100	 200	 12	 Gas	
2007	 Nuggets,	North	Sea,	UK	 120	 40	 12	 Oil	&	Gas	
2009	 Burghley,	North	Sea	UK	 ‐	 10	 10	 Oil	&	Gas	
2010	 North	Amethyst,	Canada	 ‐	 6	 12	 Oil		
2010	 Laggan‐Tormore,	UK	 600	 143	 18	 Oil	&	Gas	
2011	 Corrib,	Ireland	 ‐	 93	 20	 Gas	
	
Flow	assurance	has	been	recognised	as	one	of	the	main	design	issues	for	the	development	of	
deepwater	 fields	especially	with	 tiebacks.	Effective	 flow	assurance	strategy	 is	crucial	 in	 the	
early	stages	of	asset	development	in	order	to	address	the	challenges	of	multiphase	flow	such	
as	flow	patterns,	liquid	hold‐up,	sand	depositions	etc	and	the	resulting	effects	on	operability,	








or	 gas).	 These	 phases	 are	 commonly	 encountered	 in	 the	 petroleum	 or	 allied	 industry.	 The	
formation	 of	 particular	 pattern	 is	 dependent	 on	 flow	 rates,	 fluid	 properties,	 pipe	 size	 and	
pressure	 profiles.	 The	 critical	 issue	 is	 how	 to	 define	 flow	 patterns	 which	 are	 somewhat	
subjective	 depending	 on	 the	 researchers	 own	 interpretation.	 This	 is	 because	 flow	 pattern	
information	 in	 multiphase	 flow	 is	 still	 largely	 obtained	 by	 visual	 observation	 (Keskin	 and	
Zhang	2007).		
The	 concept	 of	 flow	 patterns	 in	 pipes	 introduces	 new	 challenges	 in	 the	 understanding	 of	
multiphase	fluids	principally	because	of	the	form	in	which	fluids	exist	in	pipes.	The	pipe	may	













Pipeline	 transportation	 in	 deep	 and	 ultra	 deep	water	 presents	 a	 unique	 challenge	 such	 as	
extremely	uneven	seabed	and	topographies.	When	oil	and	gas	mixture	flows	through	a	long	
subsea	 tieback,	 a	 number	 of	 different	 patterns	 can	 be	 observed.	 	 In	 a	 horizontal	 pipes	 or	
slightly	 inclined	 pipes	 different	 flow	 patterns	 are	 recognisable.	 For	 relatively	 low	 gas	 and	
liquid	rates	a	stratified	configuration	occurs	with	the	liquid	flowing	on	the	bottom	and	the	gas	
flowing	above	it.	As	the	liquid	rate	is	increased	(at	a	constant	gas	rate)	waves	appear	on	the	
interface.	 At	 still	 higher	 liquid	 rates	 the	 waves	 can	 grow	 to	 the	 top	 of	 the	 pipe	 and,	
intermittently,	 form	 liquid	 blockages.	 At	 low	 gas	 velocities	 this	 intermittent	 regime	 is	
characterized	as	a	plug	pattern,	whereby	the	gas	flows	as	steady	elongated	bubbles	along	the	
top	of	the	pipe.	At	high	gas	flows	a	slug	pattern	exists	whereby	slugs	of	highly	aerated	liquid	
move	 downstream	 approximately	 at	 the	 gas	 velocity	 (Barnea	 1987).	 At	 low	 liquid	










flow	 (Oliemans	 1994).	 Oddie	 et	 al.	 2003,	 generated	 a	 total	 of	 444	 experimental	 data	 for	
water‐gas	 and	oil‐water‐gas	 flows	 and	observed	 that	 bubble,	 churn,	 elongated	bubble,	 slug	
and	 stratified	 flow	 dominate	 in	 inclined	 pipes.	While	 dispersed/homogenous,	mixed/semi‐
mixed	and	segregated/semi	segregated	flows	were	observed	for	oil	water	flows.	
It	 is	 important	 from	the	designer's	point	of	view	to	be	able	 to	predict	accurately	what	 flow	
pattern	 will	 occur	 for	 given	 input	 flow	 rates,	 pipe	 size,	 and	 fluid	 properties	 (Mandhane,	








The	most	 common	 correlation	 used	 to	 calculate	 the	 conditions	 for	 the	 transition	 from	one	
flow	pattern	to	another	is	the	Mandhane	plot	(Lin	and	Hanratty	1987).	However,	a	number	of	
flow	pattern	maps	exist	based	on	pipe	configurations	as	can	be	seen	 in	Figure	2.4.	Many	of	
these	 maps	 result	 from	 data	 covering	 a	 rather	 limited	 range	 of	 fluid	 properties	 and	 pipe	
diameters.	 Consequently,	 large	 discrepancies	 are	 often	 observed	 between	 a	 predicted	 flow	















The	 liquid	 travels	 partly	 as	 a	
continuous	 film	 around	 the	
perimeter	 of	 the	 pipe	 and	 partly	
as	 a	 small	 droplets	distributed	 in	
the	gas	phase.		
This	 occurs	 at	 very	 high	 gas	




This	 is	 characterised	 by	
separation	 of	 fluids	 into	 different	
layers,	with	 lighter	 fluids	 flowing	
above	the	heavier	fluids.	
	
For	 low	 flow	 rates	 of	 liquid	
and	 gas,	 a	 smooth	 or	 wavy	
stratified	 flow	 will	 occur.		
The	interface	may	be	smooth	





Slugs	 of	 liquid	 are	 separated	 by	
coalesced	 gas	 bubbles.	 The	
intermittent	 pattern	 is	 evidenced	
when	 fluids	 are	 subdivided	 into	
slugs	 and	 elongated	 bubble	
patterns.		
For	 intermediate	 liquid	
velocities,	 rolling	 waves	 of	
liquids	 will	 be	 formed.	 The	
rolling	waves	increase	to	the	
point	of	 forming	a	 slug	 flow,	




The	 gas	 phase	 is	 distributed	 as	
discrete	 bubbles	 in	 an	 axially	
continuous	 liquid	 phase.	




This	 occurs	 at	 a	 very	 high	
flow	 rate.	 For	 very	 high	








oils	 with	 high‐speed	 photography.	 Other	 researchers’	 have	 been	 making	 efforts	 at	






Similar	 flow	 patterns	 were	 observed	 by	 Zubir	 and	 Zainon	 2011,	 which	 they	 classified	 as	
bubble,	bubbly‐slug,	 slug	and	churn	 flow.	They	observed	 that	 liquid	superficial	velocity	has	
great	 impact	 on	 the	 flow	 pattern	 transitions	 in	 vertical	 pipe	 rather	 than	 gas	 superficial	
velocity.	 Churn	 flow	 possesses	 some	 of	 the	 characteristics	 of	 plug	 flow,	 with	 the	 main	
differences	being	that	the	gas	plugs	become	narrower	and	more	 irregular;	 the	continuity	of	
the	 liquid	 in	 the	 slug	 is	 repeatedly	destroyed	by	 regions	of	 high	 gas	 concentration	 and	 the	
thin	 falling	 film	 of	 liquid	 surrounding	 the	 gas	 plugs	 cannot	 be	 observed	 (McQuillan	 and	









Figure	2.5:	Flow	pattern	maps	 for	vertical	pipes	 two‐phase,	air‐water	 (Mandhane,	Gregory	 and	
Aziz	1973)		
	
McQuillan	and	Whalley,	 1985	observed	 that	 it	 is	 possible	 to	 extend	 the	description	of	 flow	
patterns	 in	 vertical	 pipes.	 For	 example,	 the	 annular	 flow	 regime	 may	 be	 sub‐divided	 into	




because	 the	 transitions	 between	 the	 various	 flow	 regimes	 do	 not	 occur	 suddenly,	 it	 is	

















This	 occurs	 at	 very	 high	 gas	




The	 gas	 phase	 is	 distributed	 as	
discrete	 bubbles	 in	 an	 axially	
continuous	 liquid	 phase.	




This	 occurs	 at	 a	 very	 high	
flow	 rate.	 For	 very	 high	





Slug	flow	 Slugs	 of	 liquid	 are	 separated	 by	
coalesced	 gas	 bubbles.	 The	
intermittent	 pattern	 is	 evidenced	
For	 intermediate	 liquid	
velocities,	 rolling	 waves	 of	
liquids	 will	 be	 formed.	 The	
20 
 
when	 fluids	 are	 subdivided	 into	
slugs	 and	 elongated	 bubble	
patterns.		
rolling	waves	increase	to	the	
point	of	 forming	a	 slug	 flow,	
sometimes	 refer	 to	 as	 plug	
flow.	
Churn	flow	 This	is	similar	to	slug	flow	pattern	
but	 highly	 disordered	 in	 which	
the	vertical	motion	of	the	liquid	is	




The	 liquid	 and	 gas	 rates	 are	
intermediate	 between	 the	
annular	 flow	 and	 slug	 flow	
for	 churn	 flow	 to	 occur.	
Further	 increase	 in	 flow	






of	 various	 kinds	 (Govier	 and	 Aziz	 1972).	 It	 is	 clear	 for	 any	 given	 fluid	 system	 the	 major	
factors	in	determining	the	flow	pattern	are	the	flow	velocities.	The	fluid	densities,	viscosities,	
and	interfacial	tension	and	pipe	diameter	are	the	other	factors	though	their	contributions	are	
still	 a	 subject	 of	 debate.	 Predicting	 flow	 patterns	 in	 multiphase	 flow	 in	 pipes	 is	 a	 rather	
complex	exercise.	Experimental	data	is	widely	used	for	the	prediction	of	flow	patterns	(Taitel	
1999).	 It	 involves	 the	 collection	of	 experimental	data	 followed	by	mapping	of	 the	data	 in	a	
two‐dimensional	 plot	 by	 locating	 transition	 boundaries	 between	 the	 flow	 patterns.	 Such	 a	
plot	is	termed	flow	pattern	map.	This	map	often	serves	as	the	means	by	which	prediction	of	
the	flow	pattern	for	design	purposes	take	place.	




adopted	 mechanistic	 modelling	 approach	 for	 predicting	 flow	 pattern	 transitions.	 The	
drawback	of	their	work	was	that	different	models	were	used	for	horizontal,	slightly	inclined	
and	for	vertical	flows.	This	was	improved	upon	by	Barnea	1987,	a	unified	model	in	which	one	






less	 than	eleven	parameters	can	be	 identified	as	affecting	the	 flow	pattern.	The	parameters	
are	as	highlighted	below:		
 The	liquid	superficial	velocity,	 LSU ,	m/s		
 The	gas	superficial	velocity,	 GSU ,	m/s	
 Liquid	density,	 L ,	Kg/m3	
 Gas	density,	 G ,	Kg/m3	
 Liquid	viscosity,	 L ,	Kg/s	m	
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Taitel,	 1999,	 observed	 that	 so	 far	 there	 is	 no	 acceptable	method	 to	 calculate	 the	 transition	
boundaries	and	the	reason	why	different	mechanisms	are	proposed	by	different	researchers	
for	 the	 same	 transition	 boundaries.	 Taitel	 1999,	 argued	 that	 experimental	 results	 tend	 to	
report	 different	 transition	 boundaries	 even	 when	 the	 conditions	 of	 the	 experiment	 are	
identical.	This	has	gone	to	show	that	there	is	sufficient	evidence	that	current	correlations	for	






Three‐phase	 flow	 of	 two	 liquids	 and	 gas	 occurs	 often,	 especially	 in	 the	 production	 of	
hydrocarbons	from	oil	and	gas	fields	when	oil,	water,	and	natural	gas	flow	in	the	transporting	






Stapelberg	 and	 Mewes	 1994,	 argued	 that	 in	 horizontal	 three‐phase	 oil‐water‐air	 flow,	 the	
same	 flow	patterns	are	observed	as	 in	 two‐phase	 flow	of	 a	 gas	 and	a	 liquid,	 as	 long	as	 the	
degree	 of	 dispersion	of	 the	oil	 and	water	 is	 not	 taken	 into	 account.	While	 there	have	been	
numerous	 investigations	 of	 two‐phase	 flow	 regimes,	 however	 limited	 efforts	 have	 been	
directed	towards	investigating	three‐phase	phenomenon.	Previous	works	can	be	divided	into	





pipes	which	 are	 similar	 to	 the	 case	 of	 two‐phase	 flow‐	 as	 stratified	 smooth	 flow,	 stratified	
wavy	flow,	rolling	wave	flow,	plug	flow,	slug	flow,	pseudo	slug	flow	and	annular	flow.	Acikgoz,	
1992	 investigated	 an	 oil–water–gas	 system	 flowing	 in	 a	 horizontal	 Plexiglas	 tube	 of	 5.78	








For	 the	 first	part	of	 their	 three‐phase	 flow	pattern	determination,	 they	 identified	either	oil	




































The	 velocity	 required	 for	 effective	 transport	 of	 particles	 which	 may	 settle	 must	 be	 in	 the	
turbulent	region	for	horizontal	pipes,	and	for	vertical	pipes	must	be	greater	than	the	settling	
velocity	of	the	particles	(Brook	1987).	In	general,	the	ability	of	fluid	in	horizontal	motion	to	
be	 able	 to	 suspend	 solid	 particles	 depends	 on	 the	 counterbalance	 of	 two	 actions:	 gravity,	







1. Gravity	force,	 GF 	acting	downward	
2. Lift	force,	 LF 	acting	upward	





















m	is	the	mass	of	particle,	g	the	acceleration	due	to	gravity,	  	is	the	fluid	density,		 P 	is	the	

















In	 many	 practical	 use	 of	 centrifugal	 force,	
dt

























Generally,	 the	 horizontal	 pipe	 velocity	 is	 the	 critical	 criterion	 of	 the	 required	 velocity	 in	
systems	with	both	horizontal	 and	vertical	 pipes.	 For	 a	horizontal	 pipe	 it	 can	be	postulated	




















The	 drag	 coefficient	 is	 a	 function	 of	 the	 particle	 shape,	 size,	 surface	 roughness,	 fluid	





phase	 distributions,	 depending	 on	 the	 density,	 viscosity,	 and	 velocity	 of	 the	 fluid	 and	 the	
density,	 size,	 shape,	 and	 concentration	 of	 the	 solid	 particles	 (Stevenson	 et	 al.	 2001,	 Peden,	
Ford	and	Oyeneyin	1990,	Darby	2001).	 In	oil	&	gas	multiphase	 fluid	 flow,	 sand	 is	often	co‐
produced	with	oil	especially	oil	produced	from	unconsolidated	formations.	The	produced	oil	
with	entrained	solids	can	be	transported	through	pipeline	to	a	processing	facility	nearby	or	to	
onshore	 location.	 In	 typical	 hydrocarbon	 transportation,	 pipeline	 follows	 the	 undulating	
topography	of	the	offshore	seafloors	and	onshore	surfaces.	This	complex	geometry	thus	has	
effect	on	how	the	solids	are	transported	in	the	pipeline	flowing	with	hydrocarbons.		
Liquid‐solid‐gas	 flow	 in	 pipes	 can	 occur	 in	 a	 number	 of	 different	 flow	 patterns.	 The	
classifications	of	solid	transport	patterns	are	fairly	consistent	with	many	authors	(Danielson	
2007,	 Peden,	 Ford	 and	 Oyeneyin	 1990,	 Oudeman	 1993.,	 Salama	 2000,	 Liu	 2003)	 and	 are	
grouped	 as	 pseudo‐homogeneous	 suspensions,	 heterogeneous	 suspensions,	 heterogeneous	
suspensions	 with	 sliding	 beds,	 and	 stationary	 beds,	 as	 shown	 in	 Figures	 2.8	 &	 2.9.	 The	
demarcation	between	 the	 ‘‘homogeneous’’	 and	 ‘‘heterogeneous’’	 flow	 regimes	depends	 in	 a	
complex	manner	 on	 the	 size	 and	 density	 of	 the	 solids,	 the	 fluid	 density	 and	 viscosity,	 the	
velocity	of	the	mixture,	and	the	volume	fraction	of	solids	(Darby	2001).		
The	sand	will	settle	to	form	beds	along	the	bottom	of	the	pipe	if	the	fluid	velocity	is	below	the	






























as	 continuous	 moving	 bed.	 The	
sand	 grains	 are	 either	 rolling	 or	
saltating	 along	 the	 bottom	 of	 the	
pipe.	
This	 will	 occur	 at	 increased	
velocity	 which	 keeps	 the	




The	 sand	 particles	 are	
homogeneously	suspended	within	









laminar	 or	 turbulent,	 single	 or	 multiphase.	 If	 the	 flow	 in	 a	 pipe	 is	 laminar,	 the	 velocity	




















R  																								 	 	 	 	 	 	 2.20	
	






















































rVu 				 	 	 	 	 	 	 	 2.25	
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2.0046.0  eRf 																										 	 	 	 	 	 	 2.26	
	







































f  	 					 	 	 	 	 	 2.29	
	 	 	 	 	 			
For	multiphase	flow,	to	the	author’s	best	knowledge	no	equation	exists	for	predicting	velocity	
profiles	 in	 multiphase	 flow	 in	 pipes.	 Most	 recent	 approaches	 have	 focused	 on	 finding	
correlations	for	the	friction	terms	where	two	phase	flow	effects	have	been	incorporated	into	










be	 able	 to	 suspend	 solid	 particles	 depends	 on	 the	 counterbalance	 of	 two	 actions:	 gravity,	
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in	 the	modelling	 and	 design	 of	multiphase	 processes.	 Reliable	models	 for	 forces	 acting	 on	
fluid	 particles	 such	 as	 drag	 &	 lift	 and	 virtual	 mass	 forces	 are	 indispensable	 in	 accurate	
prediction	 of	 dispersed	 multiphase	 flows	 using	 multi‐fluid	 models.	 Typically,	 these	
multiphase	 operations	 are	 carried	 out	 under	 turbulent	 conditions	 of	 varying	 intensity.	 In	
these	 processes	 sometimes	 a	 uniform	 dispersion	 of	 particles	 is	 achieved	 due	 to	 the	
interaction	 between	 turbulent	 eddies	 and	 the	 dispersed	 phase	 (Doroodchi	 et	 al.	 2008).	 A	
better	 understanding	 of	 such	 interaction	 is	 fundamental	 to	 the	 effective	 design,	 modelling	
and	operation	of	multiphase	systems.	From	a	hydrodynamic	viewpoint,	 the	most	 important	
and	 fundamental	 aspects	 of	 solid‐liquid	 multiphase	 flow	 are	 inter‐phase	 interaction	 (i.e.,	
interaction	 between	 the	 fluid	 phase	 and	 the	 particulate	 phase)	 and	 intra‐phase	 interaction	
(i.e.,	 interaction	 among	 solid	 particles	 making	 up	 the	 particulate	 phase).	 Inter‐phase	
interaction	 between	 the	 fluid	 phase	 and	 the	 particulate	 phase	 is	manifested	mainly	 in	 the	
drag	force	exerted	on	the	particles	by	the	fluid	stream	and	the	transfer	of	momentum	from	
one	phase	to	another	(Doan	and	George	1998).	Several	correlations	for	drag	coefficient	have	
been	 proposed	 over	 a	wide	 range	 of	 Reynolds	 number	 in	 the	 literatures.	 One	 of	 the	most	






C  																																																							 	 	 	 2.33	
Cheng	 2009,	 proposed	 a	 drag	 coefficient	 model	 which	 has	 greater	 applicability	 when	
compared	with	about	15	others	that	was	evaluated.	These	other	models	can	only	be	used	for	
limited	 Reynolds	 numbers	 and	 even	 those	 applicable	 for	 wider	 range	 of	 Re,	 may	 involve	
tedious	 application	 procedure.	 The	 proposed	 model,	 given	 below,	 despite	 its	 simple	 form	
gives	the	best	approximation	of	experimental	data	for	Re	from	stoke	regime	to	about	2×10⁵.	
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term	 is	 an	 exponential	 function	 accounting	 for	 slight	deviations	 from	 the	Newton's	 law	 for	
high	 Re.	 The	 sum	 of	 the	 two	 terms	 is	 used	 to	 predict	 drag	 coefficient	 for	 any	 Re	 over	 the	
entire	regime.	

















spherical	 particles,	 or	 regularly	 shaped	 particles	 like	 disks	 or	 cylinders.	 This	 is	 very	
convenient	due	to	its	simplicity,	the	fact	that	the	behaviour	of	spheres	is	well	known,	and	the	
availability	of	 a	number	of	models	 to	describe	 the	 interaction	with	 fluid	 flow.	But	particles	
encountered	 in	 industry	usually	 are	not	 smooth	 spheres	but	 are	 irregularly	 shaped	and	do	
not	have	smooth	surfaces	(Hottovy	and	Syvester	1979).	In	fact	there	is	remarkable	difference	
between	 spherical	 and	 non‐spherical	 particles	 in	 the	 context	 of	 the	method	 in	which	 they	
tend	 to	 commence	 motion,	 given	 that	 spherical	 particles	 tend	 to	 begin	 motion	 via	 rolling	
whereas	 non‐spherical	 particles	 preferably	 commence	 motion	 via	 dragging	 (Laskovski,	
Stevenson	and	Galvin	2009).	Another	drawback	 is	 that	the	correlations	are	developed	from	
solids	 transport	 situations	 where	 the	 solids	 loading	 is	 very	 high.	 Typical	 sand	 loading	 in	




different	 orientations	 to	 build	 up	 a	 picture	 of	 the	 three‐dimensional	 variability	 in	 particle	
shape.	 Each	particle	 can	be	described	using	 a	wide	 range	of	 parameters,	 such	 as	diameter,	
35 
 
perimeter,	 surface	 area,	 sphericity	 and	 shape	 factor	 (particle	 surface	 smoothness).	 The	
combination	of	several	shape	factors	may	be	necessary	to	properly	describe	the	effect	of	the	
shape	of	a	particle	on	the	hydrodynamic	drag	coefficient.	After	studying	the	effect	of	all	 the	
shape	 factors	on	 the	drag	coefficient,	Tran‐Cong	et	al.	2004	 found	 that	 the	particle	volume,	
projected	 area,	 flatness	 and	 circularity	 are	well‐characterized	 by	 the	 nominal	 diameter, nd ,	
the	surface‐equivalent‐sphere	diameter, Ad the	ratio	 An dd and	the	particle	circularity,	c.		
	
3 6 Vdn  																																																																																 	 	 	 2.36	
	
pA Ad 4 		 	 	 	 	 	 	 	 2.37	
	












rolling.	 A	 key	 parameter	 is	 the	 estimation	 of	 the	 particle	 settling	 velocity	 within	 the	
multiphase	flow	in	pipeline.	One	problem	is	that	the	drag	coefficient	cannot	be	expressed	in	
an	analytical	form	for	a	wide	range	of	particle	Reynolds	numbers,	because	the	flow	condition	
during	 the	 process	 is	 highly	 complicated	 (Almedeij	 2008).	 Even	 with	 advent	 of	 CFD,	
performing	 large	 scale	 numerical	 study	 of	 complex	 multiphase	 flow	 requires	 some	
assumptions	 and	 also	 empirical	 data	 describing	 the	 interactions	 between	 the	 fluid	 and	 the	






























pressure	 drop	 (Beggs	 and	 Brill	 1973,	 Hart	 et	 al.	 1989,	 Behnia	 and	 Llic	 1990,	 Abduvayt,	












dP 22  																												 	 	 	 	 	 2.40	
	
Where,	 tpf 	is	two‐phase	friction	factor,	 ns is	no	slip	density	and	 mV is	mixture	velocity	
Behnia	 and	 Llic	 1990	 proposed	 a	 simple	 to	 use	multiphase	 pressure	 drop	 correlation	 that	
could	be	applied	to	design	or	assessment	of	pipelines	with	flow	of	oil	and	gas	mixtures.	The	
correlation	was	based	on	relationship	between	pressure	drop	and	Froude	number.		
It	 is	 common	 for	 some	 authors	 to	 adopt	 the	 strategy	 of	 dividing	 the	 flow	 conditions	 into	
different	flow	patterns	and	develop	separate	correlations	for	each	of	the	patterns.	Abduvayt	
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inclined	 surfaces	 will	 require	 accurate	 prediction	 of	 two	 key	 parameters	 such	 as	 liquid	
holdup	 and	 two‐phase	 friction	 factor.	 The	 reliability	 of	 these	 two	 parameters	 largely	
determines	the	accuracy	of	pressure	drop	prediction	correlation.		
Several	correlations	have	been	published	for	predicting	liquid	holdup	in	horizontal	pipes	and	
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This	 section	 reviewed	 some	 of	 these	 works	 especially	 as	 they	 relates	 to	 modelling	 and	
experimental	 explorations.	 The	 discussions	 highlighted	 methods	 that	 are	 adopted,	 results	











the	 turbulent	 flow	and	 the	drag	 forces.	For	a	 case	of	high	particle	 loading,	particles	will	be	
subjected	 to	 the	 turbulent	 core	 of	 the	 fluid	 and	 hence	will	 be	 transported.	 At	 low	 particle	
loading,	 similar	 to	 what	 is	 obtainable	 in	 the	 subsea	 tieback,	 the	 particle	 will	 drop	 to	 the	















































Air‐water‐sand	 flow	 experiment	 was	 conducted	 under	 varying	 operating	 conditions.	 The	
conclusions	 drawn	 are	 that,	 the	 increased	 sand	 transport	 in	 multiphase	 flow	 can	 be	
attributed	 primarily	 to	 the	 increased	 turbulent	 associated	 with	 the	 flow.	 Sand	 transport	
increases	strongly	with	gas	fraction.	Gas	increases	sand	transport	much	more	than	increasing	
liquid	 velocity.	 Oudeman	 therefore	 described	 sediment	 transport	 in	 terms	 of	 two	
dimensionless	quantities	as	below	
	


























Turian	 and	 Yuan	 1997	 developed	 one	 of	 the	 most	 widely	 used	 solid	 transport	 model	 that	
correlated	a	 total	of	864	experimental	critical	velocity	data,	representing	a	broad	variety	of	
solid	materials	and	pertaining	to	wide	ranges	of	the	variables.	This	was	used	as	the	basis	for	
developing	 a	 set	 of	 critical	 velocity	 correlations,	 established	 by	 fitting	 the	 data	 to	 various	
forms	of	standard	equations.	The	expression	is	as	presented	below:	
   















result	 indicates	 that	 cv depends	 on	 pipe	 diameter	 and	 on	 particle	 size	 which	 was	 in	
agreement	 with	 the	 conclusion	 drawn	 by	 (Oroskar	 and	 Turian	 1980)	which	 gave	 the	 best	
empirical	fits	to	the	data.		
2.9.4	Gillies	et	al	model	
Gillies,	Mckibben	 and	 Shook	 1997	 conducted	 experiments	 to	 investigate	 the	 ability	 of	 gas‐
liquid	mixtures	to	transport	sand	in	a	horizontal	pipe	or	well	at	low	velocities.	Both	laminar	
and	 turbulent	 liquid	 flow	 regimes	 were	 investigated.	 He	 then	 extended	 the	 Meyer‐Peter	





   5.03 1 S SSSgd





































  																																							 	 	 	 	 2.59	
	
This	can	also	be	rearranged	 to	provide	a	prediction	of	 the	 flow	rate.	Gillies	et	al	 concluded	
that	gas	 injection	has	 limited	 influence	on	the	ability	of	a	 laminar	 flow	to	 transport	sand	at	
low	superficial	 velocities.	They	observed	 that	gas	 injection	can	 increase	 the	 solid	 transport	




The	model	 calculates	 the	minimum	pressure	 gradient	 for	 solid	 transport	 to	 occur.	 It	 takes	
into	account	 the	viscous	sub‐layer	and	particle	settling	velocity,	but	 the	results	can	only	be	
compared	within	the	viscous	sub‐layer	either	with	a	larger	or	smaller	particle	diameter.				







































 														 	 	 2.61	
	
For	a	system	with	a	greater	particle	concentration,	the	infinite	dilution	value	can	be	modified	






















LS  , =	Solid	and	liquid	densities	(lb/ft3)	
 =	Volume	fraction	of	solids	in	the	slurry	
	











 																																																																								 	 	 2.63	
	
Where,	 SLU is	the	liquid	superficial	velocity	(ft/s)	








































  74.1 																																																																																																 2.67	
	













The	model	 proffered	method	 for	 estimating	 pressure	 gradient	 prediction,	 but	 they	 did	 not	
treat	both	minimum	velocity	required	to	transport	sand	particle	in	pipes.	
2.9.6	Stevenson	et	al	model	









































































Danielson	 2007	 used	 SINTEF	 database	 to	 obtain	 the	 following	 relation	 for	 the	 critical	
velocity:	
	
        nnnnnc sgDdKU   2122 1 		 	 	 	 	 2.73	
	
Where	d	 is	 the	 sand	 particle	 diameter,	D	 is	 the	 pipe	 diameter,	g	 is	 the	 acceleration	 due	 to	
gravity,	s	is	the	ratio	of	sand	particle	to	carrier	fluid	density,	and	K	and	n	are	equal	to	0.23	and	
0.2	respectively.	
The	correlation	was	based	on	 turbulence	 theory	by	considering	 the	energy	dissipated	 from	
turbulent	eddies.	It	equates	the	strength	of	turbulence	eddies	to	entrained	particles	into	the	
fluid	against	gravity	forces,	which	acts	to	settle	the	sand	particles	out.	When	the	condition	of	








Sand	 influx	 from	 relatively	 low	 strength	 formation	 is	 inevitable.	 The	 deep	 and	 ultra	 deep	
offshore	 environments	 are	 prone	 to	 sand	 influx	 because	 of	 the	 characteristic	 highly	
unconsolidated	 reservoir	 at	 shallow	 depth	 occasioned	 by	 high	 pressures	 and	 high	
temperatures.	The	production	of	formation	sand	into	the	wellbore	and	topside	facilities	is	a	
common	 problem	with	 attendant	 adverse	 effect	 on	well	 productivity	 and	 equipment.	With	
future	projection	 for	high	number	of	offshore	production	 through	pipelines	/	 tiebacks,	 it	 is	







associated	 with	 the	 transient	 nature	 of	 multiphase	 flow	 and	 sand	 transport	 in	 pipes.	
Ineffective	management	may	lead	to	sand	deposition,	bed	formation,	and	sand	erosion	with	
attendant	 equipment	 failure.	 This	 explains	 current	 interest	 in	 the	 design	 and	 performance	
analysis	of	liquid‐gas‐sand	multiphase	flows	in	subsea	pipelines	or	tiebacks.	
	From	 the	 literatures	 reviewed,	 it	 can	 be	 seen	 that	 many	 of	 the	 current	 works	 have	 been	
largely	 focused	 on	 single	 and	 two	 phase	 flow.	 The	 literatures	 also	 highlighted	 the	
fundamental	 flaws	 in	 extending	 hydraulic	 conveying	 theory	 to	 particle	 transport	 in	
multiphase	 flow.	 Many	 of	 the	 models	 (Oroskar	 and	 Turian	 1980,	 Turian	 and	 Yuan	 1997,	
Gillies,	 Mckibben	 and	 Shook	 1997,	 Thomas	 1962,	 Thomas	 1979)	 also	 reflect	 high	 sand	
loading	 as	 against	 typical	 low	 sand	 loading	 of	 less	 than	 1	 in	 1000	 by	 volume,	 a	 level	 of	
concentration	 encountered	 in	 the	 transport	 of	 sand	 by	 oil	 and	 gas	 in	 subsea	 pipelines	
(Stevenson	 et	 al.	 2001).	 The	 influence	 of	 flow	 patterns	 and	 flow	 pattern	 transitions	 in	
multiphase	 fluids	are	rarely	considered	 looking	at	 the	approach	adopted	 in	previous	model	
development	for	solid	transport	in	pipes.	This	in	the	judgement	of	this	author	may	have	been	
responsible	 for	 lack	 of	 accuracy	 of	 these	 models.	 These	 among	 others	 have	 impeded	 our	
understanding	of	 the	behaviour	and	associated	problems	of	 three‐phase	or	 four‐phase	 (oil,	
water,	gas	and	solid)	 in	pipes.	The	result	 is	 inappropriate	solid	 transport	models	 for	 three‐
phase	and	four‐phase.		
In	order	 to	bridge	these	gaps	 in	knowledge,	 the	research	adopted	an	 integrated	multiphase	
flow	management	system	supported	with	comprehensive	experimental	investigation	of	solid	
behaviours	in	multiphase	fluid	flow.	This	involved	the	simulation	of	key	flow	patterns	which	
led	 to	 the	 developments	 of	 predictive	 models	 for	 each	 of	 the	 important	 flow	 patterns	
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gas‐liquid	 mixture	 in	 pipelines	 results	 in	 the	 manifestation	 of	 a	 number	 of	 transient	 flow	
pattern	 changes	 depending	 on	 the	 fluid	 properties,	 flow	 rates,	 pressure	 drop	 and	 pipe	
orientations	as	discussed	 in	previous	chapters.	As	a	 result,	 a	number	of	 flow	patterns	have	











as	multi‐dimensional	 distribution	 of	 phases,	 dynamic	 flow	 regime	 transition	 and	 turbulent	
effects.	 The	 empirical	 correlations	 consider	 the	 flow	 regimes	 based	 on	 physical	
measurements,	 this	will	be	discussed	 in	details	 in	 subsequent	chapters.	 In	 this	 chapter,	 the	
focus	was	on	the	numerical	approach	using	computational	fluid	dynamics,	CFD.		
The	 CFD	 has	 been	 employed	 to	 determine	 the	 velocity	 profiles	 for	 different	 flow	 pattern	
because	of	difficulties	with	experimental	measurement.	The	CFD	therefore	served	as	virtual	
laboratory	 to	 generate	 fluid	 velocity	 profiles	 for	 a	 combination	 of	 fluid	 mixtures,	 gas‐oil,	
water‐oil,	gas‐water	and	water‐oil‐gas.	This	led	to	development	of	velocity	profile	models	for	
each	 of	 the	 notable	 flow	 patterns	 by	 combining	 analytical	 equation	 with	 point	 velocity	
profiles	generated	numerically.	On	the	basis	of	this,	analysis	of	solid	transport	mechanism	in	








problems.	 The	 Navier	 stokes	 equations	 form	 the	 basis	 of	 CFD	 governing	 equations	 which	
includes	 expressions	 for	 the	 conservation	 of	 mass,	 momentum	 and	 pressure.	 Two	 well‐






for	 unsteady	 flow	 problems,	 shown	 in	 Figure	 3.1.	 	 Additional	 transport	 equations	 are	 also	
solved	when	the	flow	is	turbulent.		
The	general	 form	of	 the	mass	conservation	equation	 is	as	expressed	below	and	this	 is	valid	
for	incompressible	as	well	as	compressible	flows.	
	
  mSvt 
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											 	 	 	 	 	 	 3.1					
																																																																																																										
The	source	 mS 	 is	the	mass	added	to	the	continuous	phase	from	the	dispersed	second	phase	
and	any	user	defined	sources.	
A	 single	momentum	 equation	 is	 solved	 throughout	 the	 domain,	 and	 the	 resulting	 velocity	
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Where	p	is	the	static	pressure,	 is	the	stress	tensor	and	 g &	 F are	the	gravitational	body	
force	and	external	body	forces	respectively.	The	stress	tensor	is	given	as:		
	




























In	 this	 approach,	 the	 different	 phases	 are	 treated	 mathematically	 as	 interpenetrating	
continua.	Since	the	volume	of	a	phase	cannot	be	occupied	by	the	other	phases,	the	concept	of	
phasic	volume	fraction	is	 introduced.	These	volume	fractions	are	assumed	to	be	continuous	
functions	of	space	and	 time	and	 their	sum	 is	equal	 to	one.	Conservation	equations	 for	each	
phase	are	derived	 to	obtain	a	 set	of	 equations,	which	have	 similar	 structure	 for	 all	 phases.	
These	 equations	 are	 closed	 by	 providing	 constitutive	 relations	 that	 are	 obtained	 from	
empirical	information,	or,	in	the	case	of	granular	flows,	by	application	of	kinetic	theory.	There	














The	 mixture	 model	 is	 designed	 for	 two	 or	 more	 phases	 (fluid	 or	 particulate).	 As	 in	 the	
Eulerian	 model,	 the	 phases	 are	 treated	 as	 interpenetrating	 continua.	 The	 mixture	 model	
solves	for	the	mixture	momentum	equation	and	prescribes	relative	velocities	to	describe	the	





The	 Eulerian	 model	 is	 the	 most	 complex	 of	 the	 multiphase	 models.	 It	 solves	 a	 set	 of	
momentum	 and	 continuity	 equations	 for	 each	 phase.	 Coupling	 is	 achieved	 through	 the	
pressure	and	interphase	exchange	coefficients.	The	manner	in	which	this	coupling	is	handled	
depends	upon	the	type	of	phases	involved;	granular	(fluid‐solid)	flows	are	handled	differently	
than	 non	 granular	 (fluid‐fluid)	 flows.	 For	 granular	 flows,	 the	 properties	 are	 obtained	 from	
application	 of	 kinetic	 theory.	 Momentum	 exchange	 between	 the	 phases	 is	 also	 dependent	




fluid	 flow.	 There	 are	 general	 guidelines	 for	 determining	 appropriate	models	 for	 each	 flow	
pattern	as	shown	 in	Figure	3.2.	Details	are	provided	about	how	to	determine	 the	degree	of	
interphase	 coupling	 for	 flows	 involving	bubbles,	 droplets,	 or	particles,	 and	 the	 appropriate	
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The	effects	of	 turbulent	 fluctuations	of	velocities	and	scalar	quantities	 in	a	single	phase	use	
various	types	of	closure	models.	In	comparison	to	single‐phase	flows,	the	number	of	terms	to	
be	modelled	 in	 the	momentum	 equations	 in	multiphase	 flows	 is	 large,	 and	 this	makes	 the	
modelling	of	turbulence	in	multiphase	simulations	extremely	complex.		
The	mixture	turbulence	model	is	the	default	multiphase	turbulence	model.	It	represents	the	
first	extension	of	the	single‐phase   model,	and	it	is	applicable	when	phases	separate,	for	
stratified	(or	nearly	stratified)	multiphase	flows,	and	when	the	density	ratio	between	phases	
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And	the	production	of	turbulence	kinetic	energy	 mkG , is	computed	from	
	






control	 parameters.	Once	 the	 geometry	has	been	 created	 and	meshed,	 the	 fluid	properties,	
flow	 models	 and	 solver	 control	 parameters	 are	 then	 specified.	 The	 boundary	 and	 initial	
conditions	are	also	specified.		
Generally,	all	the	data	defined	in	the	pre‐processing	step	are	fed	into	the	solver	programme	in	




written	 to	 a	 results	 file	 for	 examination	 using	 the	 post‐processor	 software.	 Thereafter,	 the	









Mesh	 generation	 must	 be	 well	 designed	 to	 resolve	 important	 flow	 features	 which	 are	
dependent	 upon	 flow	 conditions	 as	 shown	 in	 Figure	 3.3.	 	 The	 flow	 domain	 is	 divided	 into	
sufficiently	small	discrete	cells,	the	distribution	of	which	determines	the	positions	where	the	
flow	variables	are	to	be	calculated	and	stored.	The	grid	refinements	inside	the	wall	boundary	












flow.	The	 fluid	properties	 such	as	density,	 viscosity,	 and	 thermal	 conductivity	among	other	




The	 user	 needs	 also	 to	 provide	 the	 information	 that	 will	 control	 the	 numerical	 solution	
process	such	as	the	convergence	criteria.	
3.4.4	Results	
When	the	simulation	 is	completed,	 the	report	generated	will	 include	 the	 integral	quantities	
such	as	total	pressure	drop	and	velocity	vector	lines	as	can	be	seen	in	Figure	3.4.	From	the	XY	
plots,	 one	 can	 obtain	 the	 centerline	 velocity/pressure	 distribution	 and	 friction	 factor	
distribution.	 The	 results	 analysis	 can	 be	 carried	 out	 in	 order	 to	 check	 that	 the	 solution	 is	
satisfactory.	 If	 the	results	obtained	are	unsatisfactory,	 the	possible	source	of	error	needs	to	
be	 identified,	 which	 can	 be	 an	 incorrect	 flow	 specification,	 a	 poor	 mesh	 quality,	 or	 a	








The	 thrust	 of	 this	 work	 was	 to	 develop	 the	 velocity	 profiles	 models	 for	 important	 flow	






conditions	 such	as	 superficial	 gas	and	 liquid	velocities	 (water	and	or	oil).	Water	or	oil	was	
considered	as	the	continuous	phase,	and	air	considered	as	the	dispersed	phase.		
Determination	 of	 the	 flow	 patterns	 is	 a	 central	 problem	 in	 two/three/four	 phase	 flow	
analysis.	For	 the	specific	case	of	oil–water	systems,	oil	properties	can	be	quite	diverse,	and	
the	 oil–water	 viscosity	 ratio	 can	 vary	 from	 more	 than	 a	 million	 to	 less	 than	 one,	 and	 its	
rheological	 behaviour	 can	 be	 Newtonian	 or	 non‐Newtonian,	 so	 it	 is	 quite	 difficult	 to	
determine	oil–water	flow	patterns	(Xu	2007).	
A	CFD	package	was	used	 to	model	 the	 liquid‐gas	 (water,	 oil	&	gas)	 velocity	profiles.	 In	 the	
development	of	velocity	profile	models,	a	combination	of	analytical	and	numerical	methods	

























Equation	3.12	 is	 dependent	 on	 friction	 factor	 and	 fluid	Reynolds	number.	 For	 single	 phase	
flow,	 the	 friction	 factor	 can	 generally	 be	 estimated	 by	 any	 well	 known	 friction	 factor	
equations	such	as	Blasius	equation.	For	multiphase	flow,	the	complexity	associated	with	flow	
patterns	makes	the	basic	friction	factor	equations	unsuitable.	Among	the	numerous	empirical	
correlations	proposed	 in	 the	 literature	 for	multiphase	 friction	 factor,	one	 that	was	adopted	
for	this	study	was	the	correlation	based	on	the	work	of	(Garcıa	et	al.	2003).	The	correlation	












































































The	 velocity	 profiles	models	 for	 single	 phase	 in	 pipe	 flow	was	 extended	 for	multiphase	 in	
pipes.	 But	 the	 flow	 of	multiphase	 fluids	must	 be	 treated	 differently	 and	with	 caution	 as	 it	
introduces	different	complexities.	There	are	 issues	of	changing	 flow	patterns	as	multiphase	
fluids	moves	through	the	pipelines/tiebacks.	The	knowledge	of	flow	pattern	and	flow	pattern	
transitions	 is	 essential	 to	 the	 development	 of	 reliable	 predictive	 tools	 in	multiphase	 solids	
transport.	As	the	pattern	changes	so	the	pressure	variations	and	transport	velocity	may	vary.	
In	order	 to	 track	 the	patterns,	 velocity	profile	models	have	been	developed	 for	each	of	 the	
possible	flow	patterns	in	multiphase	fluid	flow	in	pipe.			
The	flow	pattern	signatures	from	the	CFD	are	well	defined	and	are	presented	below.	The	flow	
velocity	 profiles	 obtained	 from	 CFD	 for	 multiphase	 fluids,	 water	 and	 gas	 with	 varying	
superficial	 velocities	 are	 shown	 in	 Figure	 3.5.	 The	 observed	 changing	 patterns	 (dispersed	
bubble	 flow	 and	 stratified	 flow)	 at	 different	 points	 along	 the	 pipe	 length	 are	 indication	 of	














































	any	 	given	 	section	 	of	 	the	 	pipe	 	depends	 	upon	 	whether	 	the	 	flow		is	 laminar	or	turbulent.	
Generally,	 if	 the	flow	in	a	pipe	is	 laminar,	the	velocity	distribution	at	a	cross	section	will	be	
parabolic	in	shape	with	the	maximum	velocity	at	the	center	of	pipe.		In	turbulent	flow,	a	fairly	
flat	 velocity	 distribution	 exists	 across	 the	 section	 of	 pipe.	 	Figures	 3.6	 helps	 illustrate	 the	









































A	 multiphase	 flow	 in	 pipe	 may	 exhibit	 several	 different	 flow	 patterns	 depending	 on	 the	
operating	 conditions.	 In	 general,	 three	 steps	 need	 to	 be	 considered	 when	 modelling	
multiphase	 flow	(Ghorai	and	Nigam	2006).	The	 first	 step	 is	 the	definition	of	 the	number	of	
phases	 and	 possible	 flow	 patterns	 to	 enhance	 selection	 of	 the	 modelling	 approach.	 The	
second	 step	 is	 the	 choice	 of	 the	 governing	 equations	 which	 describe	 the	multiphase	 flow.	
Numerical	 simulation	 of	 any	 flow	 problem	 is	 based	 on	 solving	 the	 basic	 flow	 equations	
describing	 the	 conservation	 of	 mass,	 momentum	 and	 energy	 in	 the	 control	 volume.	 And	
finally,	the	solution	of	these	governing	equations	is	critical	in	obtaining	appropriate	results.		
The	simulations	were	carried	out	as	a	three	dimensional	transient	flow	in	a	horizontal	pipe.	
In	 all	 cases,	 liquid	 (water	 or	 oil)	 was	 considered	 as	 the	 continuous	 phase,	 and	 air	 was	
considered	as	the	dispersed	phase.	The	k–ε	model	was	used	to	treat	turbulence	phenomena	
in	both	phases	with	adoption	of	Renormalisation	Group	(RNG)	method.	Compared	 to	other	
turbulence	 models,	 RNG	 k–ε	 was	 observed	 to	 deliver	 the	 best	 performance	 in	 terms	 of	
accuracy,	 computing	 efficiency,	 and	 robustness	 for	 modelling	 in	 multiphase	 fluids	 (De‐	
Schepper	et	al.		2008).	
The	 VOF	model	was	 used	 for	 the	 numerical	 calculation	 of	 the	multiphase	 flow	 patterns	 in	
horizontal	pipe.	The	existing	code	 in	 the	software	was	made	use	of.	For	 the	simulations,	an	
Eulerian–Eulerian	approach	is	chosen,	in	which	the	grid	is	fixed	and	the	fluids	are	assumed	to	
behave	as	continuous	media.	This	model	solves	one	single	set	of	conservation	equations	for	
both	 phases	 and	 tracks	 the	 volume	 fraction	 of	 each	 of	 the	 phases	 throughout	 the	
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seconds	 to	 be	 adopted	 though	 it	 does	 varies	 depending	 on	 the	 scaled	 residual	 value.	 Both	
phases	 are	 introduced	 at	 the	 inlet	 and	 the	 transient	 simulation	 is	 initiated.	 The	 superficial	
velocities	of	 the	 liquid	(water	or	oil)	and	gas	phase,	corresponding	to	a	given	 flow	patterns	
are	set	as	inlet	conditions.	After	a	time	step	as	indicated	on	calculation	window,	the	flow	of	
both	phases	is	observed	and	flow	pattern	established.		
The	physical	properties	of	 the	 fluids	are	given	 in	Table	3.1	 and	 the	 superficial	 velocities	of	






























The	 simulations	was	 carried	out	 to	 obtain	 results	 for	dispersed	bubble	 flow,	 slug	 flow	and	
stratified	 flow	conditions	 in	 the	0.07,	0.08	and	0.1	meters	 for	pipe	diameters	and	2	meters	
long	horizontal	 pipelines	using	Ansys	Fluent	 for	 air‐liquid	 (water	&	oil)	 system.	The	 liquid	
and	gas	superficial	velocities	are	varied	in	the	range	from	0.02	to	2.1	m/s,	and	2	to	15	m/s	











typical	 lumping	movement	 as	 the	mixture	 flow	 through	 the	 pipe.	 Slug	 flow	pattern	 is	 very	
common	and	most	likely	to	be	encountered	in	a	typical	subsea	pipeline	/	tieback.	Figure	3.11	
showed	two	phases	flowing	in	parallel	plane	with	wavy	interface	clearly	depicting	stratified	
wavy	 flow.	 Barnea,	 Shoham,	 Taitel	 and	 Dukler,	 1980	 stated	 that	 at	 low	 liquid	 and	 gas	
























































CFD	 to	 model	 velocity	 profiles	 for	 different	 flow	 patterns.	 This	 work	 explored	 and	
demonstrated	 the	 capability	 of	 CFD	 to	 generate	 fluid	 point	 velocity	 profile	 data	 and	when	
combined	with	 analytical	 equation	 able	 to	 build	 velocity	 profile	models	 for	 important	 flow	
patterns	in	pipeline.		
Due	to	the	complexity	of	multiphase	flow	systems,	it	is	not	possible	to	obtain	one	model	that	
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Where	 the	pressure	drop	per	unit	 length  LP is	 related	 to	 the	wall	 shear	stress,	D	 is	 the	
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Where,	 LLL   is	the	kinematic	viscosity	of	the	liquid.		
	
The	mixture	friction	factor	of	Garcıa	et	al	2003	for	different	flow	patterns	have	been	adopted	
in	 this	 research,	 equations	 3.13	 to	 3.15.	 This	 was	 because	 the	 empirical	 models	 were	




In	 order	 to	 obtain	 constants	 a,	 b	 and	 c	 in	 equation	 3.12b,	 simulations	 of	 different	 flow	
patterns	was	 conducted	with	 CFD	 software.	 A	 simulation	 run	 for	 varying	 input	 superficial	
velocity	for	liquid	and	for	gas	flow	generated	a	number	of	point	velocity	data	across	the	plane	
of	 pipe	 diameter	 from	 the	 pipe	wall	 where	 the	 fluid	 velocity	 is	 generally	 zero	 to	 the	 pipe	
centre.	The	input	superficial	velocities	are	experimental	data	for	different	flow	patterns.	For	
example,	the	data	generated	in	a	0.08	meters	pipe	for	superficial	oil	velocity	of	0.006m/s	and	























































Next	was	 fitting	 the	simulated	data	with	 the	analytical	equation	defined	by	3.12b	using	 the	
multiple	constant	optimisation	method	(MCOM)	of	Microsoft	excel	solver	based	on	goal	seek	




formula	 that’s	 dependent	 on	 that	 cell	 returns	 a	 result	 that	 closely	match	 other	 parameters	
otherwise	the	process	is	repeated.	The	schematic	of	the	method	is	as	presented	in	Figure	3.12	
above.	




























































Average	Percent	Error	(APE)	 3.48	 1.56	 2.75	 4.97	
R	–	Square	Value	(R²)	 0.9611	 0.9289	 0.9707	 0.7544	









































































































































































































Depending	 on	 the	 phase	 velocities,	 stratified	 flow	 patterns	 will	 form	 at	 low	 gas‐liquid	
velocities	 which	 were	 observed	 from	 numerical	 simulations	 as	 shown	 in	 Figure	 3.20.	 The	
phases	are	completely	separated	and	create	stratification	under	the	effect	of	gravity	as	can	be	














The	method	 of	 determining	 the	 velocity	 profile	 for	 different	 flow	 patterns	 especially	 for	
stratified	 flow	 pattern	 defers	 among	 various	 authors.	 In	 this	 work,	 the	 combination	 of	
numerical	 and	 analytical	 methods	 has	 been	 adopted	 which	 provided	 for	 definition	 of	
various	 flow	 patterns	 and	 thus	 helps	 modeling	 of	 flow	 velocity	 profiles	 for	 each	 of	 the	
important	 flow	patterns	 in	multiphase	 flow.	 This	makes	 for	 greater	 understanding	 of	 the	
carrying	capacity	of	the	stratified	flow	pattern	as	well	as	other	flow	patterns	encountered	in	
oil	and	gas	production	pipelines/tiebacks.		








analysis	 was	 adopted	 by	 some	 authors	 (Kuru,	 Leighton	 and	 McCready	 1995,	 Levy	 and	
Mason	2000,	Wilson,	Clift	and	Sellgren	2002).	In	a	separate	article,	Taitel	and	Dukler	1976b	
showed	that	the	hold	up	and	the	dimensionless	pressure	drop	for	stratified	flow	are	unique	
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3.10	Summary	
The	 main	 objective	 of	 this	 chapter	 was	 to	 explore	 the	 potential	 of	 CFD	 tools	 to	 model	
multiphase	 fluid	 in	horizontal	or	 inclined	pipe	under	different	 flow	conditions.	 Initially,	 the	
single	phase	validation	was	conducted	and	a	good	match	was	achieved	with	the	well	known	
analytical	 equation	 for	 single	phase	 in	horizontal	 pipe.	Multiphase	 fluids	 flow	 in	pipes	was	
then	considered	and	all	simulations	gave	good	agreement	with	the	different	flow	patterns.	It	
can	 thus	 be	 concluded	 that	 all	 horizontal	 or	 inclined	 pipe	 flow	 patterns	 can	 be	 simulated	
using	existing	CFD	codes.		
Based	on	the	simulation	results,	it	was	possible	to	develop	an	appropriate	model	for	different	
flow	 patterns	 by	 using	 the	 numerical	 results	 obtained	 from	 simulations	 combined	 with	
analytical	 equations.	 	 Four	 velocity	profile	models	was	developed,	 there	was	 a	 good	match	
between	the	model	predictions	and	simulation	results	as	can	be	seen	in	Figures	3.13	to	3.17.	
Therefore,	multiphase	 fluids	 flowing	 through	horizontal	or	 inclined	pipe	 can	be	 sufficiently	
modelled	using	CFD.	The	definitions	and	predictions	of	flow	patterns	using	CFD	contributed	
hugely	to	the	development	of	minimum	transport	velocity	models	for	suspension	and	rolling	










and	 gas	 industry.	 Multiphase‐flow	 systems	 can	 be	 complex	 because	 of	 the	 simultaneous	
presence	of	different	phases	such	as	liquid,	gas	and	solid	in	the	same	flow	stream.	Thus,	the	
development	 of	 adequate	 models	 especially	 for	 sand	 transport	 in	 multiphase	 presents	 a	
formidable	 challenge.	 The	 phenomenon	 are	 well	 understood	 but	 the	 models	 have	 limited	
applicability	especially	velocity	profile	and	solid	 transport	models.	To	develop	and	validate	
an	 integrated	solution	 for	 this	 type	of	 flows,	 laboratory	experiments	are	 required	 to	mimic	
these	 conditions	 (Falcone,	 Teodoriu,	 Reinicke	 and	 Bello	 2007).	 The	 combination	 of	
experimental	 investigations	 and	 numerical	 modelling	 as	 adopted	 in	 this	 study	 provided	




of	 actual	 field	 production	 processes	 under	 different	 system,	 operating	 and	 geometric	
conditions	 in	 a	 laboratory	 setting.	 The	 experimental	 work	 was	 focussed	 on	 the	 following	
objectives:		
	
 Determine	 the	 physical	 properties	 of	 the	 materials	 to	 be	 used	 such	 as	 water,	
vegetable	oil,	gas	and	sand.	
 Characterise	 flow	 patterns	 for	 water‐gas	 and	 water‐oil	 &	 gas	 multiphase	 flow	 in	
horizontal	and	inclined	pipes	at	various	flow	rates.		











The	 proper	 design	 of	 oil	 and	 gas	 production	 pipeline	 systems	 requires	 a	 thorough	
understanding	 of	 the	 behaviour	 of	 multiphase	 flow.	 Therefore,	 a	 new	 test	 facility	 was	
designed	and	built	to	replicate	real	time	multiphase	oil‐water‐gas	transport	in	pipeline	with	
topographical	 conditions	 in	 order	 to	 generate	 appropriate	 data	 for	 multiphase	 particle	










































MT	 Slurry	mixing	tank	 	 PD	 Differential	pressure	transducer	
M	 Mixer	 MG	 Gas	flow	meter	
DV	 Drain	valve	 MC	 Mixing	compartment	
SV	 Suction	valve	 C	 Compressor	
P	 Pump	 FL	 Flow	line	
DV	 Discharge	valve	 RT	 Fluid	return	line	
FM	 Doppler	flow	meter	 GV	 Gas	control	valve	














Figures	 4.1	 &	 4.2.	 There	 are	 four	 test	 sections	 made	 up	 of	 one	 vertical	 test	 pipe,	 two	
horizontal	 test	 pipes	 and	 one	 test	 pipe	 inclined	 at	 variable	 angles	 provided	 for	 the	
visualisation	 of	 various	 fluid	 flow	 patterns	 and	 minimum	 sand	 transport	 velocity	
measurements.	The	vertical	test	section	consists	of	transparent	0.1	meters	internal	diameter	
straight	acrylic	pipe.	The	horizontal	 test	sections	consist	of	 transparent	0.07	&	0.08	meters	
internal	diameter	 straight	acrylic	pipe.	The	 inclined	 test	 section	consists	of	 transparent	0.1	
meters	acrylic	pipe	equipped	with	angle	adjustment	fulcrum	varying	from	15°	to	25°.	The	test	
pipes	are	of	2	meters	length	each.	The	entire	pipe	structures	were	placed	on	a	platform	about	
1.5	meters	 above	 the	 laboratory	 floor	 plan.	 The	 circulating	 system	was	 equipped	with	 IBC	




included	a	 starter	with	overload	protection,	 safety	 switch	and	16	amperes	appliance	plugs.	

























The	 major	 technical	 specifications	 of	 the	 facility	 are	 given	 in	 Table	 4.1.	 The	 specified	
superficial	 velocities	 enabled	 for	 identification	 of	 major	 flow	 patterns	 in	 oil	 and	 gas	
production	 pipelines/tiebacks.	 This	 was	 based	 on	 the	 initial	 simulation	 work	 carried	 to	
establish	 various	 flow	 patterns	 in	 multiphase	 pipe	 flow	 given	 a	 combination	 of	 liquid‐gas	
mixture	superficial	velocities.			





















2	 Gas	supply	system	  Compressors	
 Flow	lines	
 Flow	meter	
3	 Solid	mixing	system	  Mixing	tank	
 Mixer	
 Bypass	valves	












6	 Data	acquisition	system	  Desktop	computer		
 RS‐232	
 LabView	software	installed	on	computer	





Other	notable	designs	of	multiphase	 flow	 loop	both	 for	characterisation	of	multiphase	 flow	
patterns	 and	 sand	 transport	 patterns	 that	 exist	 in	 literatures	 are	 briefly	 discussed	 here.	
Doron	 et	 al.	 1987	 conducted	 experiment	 on	 slurry	 flow	 in	 horizontal	 pipes.	 The	 set	 up	
consisted	of	a	 test	section	which	has	a	 transparent	Plexiglas	pipe.	The	slurry	 flow	rate	was	
controlled	 by	 a	 butterfly	 control	 valve	 and	 a	 bypass	 line,	 and	 was	 measured	 by	 slurry	
magnetic	flow	meter.	The	pressure	drop	in	the	test	section	was	measured	using	two	Validyne	
differential	 pressure	 transducers	 with	 direct	 connection	 to	 a	 digital	 computer	 for	 data	







Gilles	 et	 al.	 1997	 flow	 loop	was	 approximately	 30	m	 in	 length	 and	 employed	 a	 centrifugal	
pump	 to	 circulate	water	 and	water‐sand	mixtures.	 The	 velocity	 of	 the	water	 or	 slurry	was	
controlled	 by	 the	 pump	 speed	 and	 was	 measured	 with	 the	 magnetic	 flux	 flow	 meter.	
Transparent	 plastic	 piping	 was	 used	 extensively	 in	 the	 loop	 construction	 so	 that	 the	 flow	
conditions	could	be	observed.	Gas	was	 injected	 into	 the	 loop	at	a	point	 just	downstream	of	
the	 flow	meter	 after	 passing	 through	 a	 rotameter.	 The	 pressure	 drop	 test	 section	 and	 the	
weighed	section	were	constructed	from	52	mm	transparent	pipe.	A	progressive	cavity	pump	
with	an	oversized	rotor‐stator	combination	was	used	to	circulate	the	oil.	With	the	oversized	











following	 factors;	 loop	geometry,	 operating	pressure	and	 temperature,	 range	of	phase	 flow	
rate,	 equipment	 and	 instrumentation,	piping	dimension	and	material,	 fluid	properties,	 data	
acquisition	 and	 information	 processing	 systems.	 Falcone	 et	 al.	 2007	 identified	 two	 niche	
areas	 of	 research	 that	 still	 lack	 dedicated	 test	 facilities	 for	multiphase	 flow	model.	 Two	 of	
these	 niche	 areas	 are	 sand	 transport	 in	 single	 phase	 and	 multiphase	 flows	 and	 the	
investigation	 of	 the	 dynamic	 interaction	 between	 flow	 in	 porous	media	 and	 flow	 in	 pipes	
under	transient	flow	conditions.	
It	was	obvious	 that	 the	multiphase	 test	 facilities	 are	 limited	more	 so	 for	 solid	 transport	 in	
multiphase.	 For	 improved	 solid	 transport	 models,	 there	 is	 need	 to	 acquire	 useful	


























LABVIEW	 software	 was	 used	 for	 acquisition	 and	 display	 of	 data	 from	 key	 equipment	 and	














water	 flowed	 through	 it.	 During	 this	 phase	 the	 pump	was	 observed	 for	 vibration	 and	 any	
undue	 noise	 from	 bearings	 or	 couplings.	 The	 valves	were	 checked	 to	 ensure	 it	 opens	 and	

















 Coarse	 particles,	 1000	 microns	 <	 dp	 <	 10,000	 microns.	 These	 are	 seldom	 fully	
suspended	and	form	deposits	on	the	bottom	of	the	pipe.	
 Ultra	 coarse	 particles	 are	 larger	 than	 10mm.	 These	 particles	 are	 transported	 as	 a	
moving	bed	on	the	bottom	of	the	pipe.	
	
For	 the	 purpose	 of	 this	 research,	 dry	 clean	 sand	 samples	 are	 sourced	 and	 are	 put	 through	
series	of	sieves	to	determine	the	grain	size	distributions.	See	Figures	4.5	&	4.6	 for	the	sand	
sample	 and	 the	 vibratory	 sieve	 shaker	 used	 for	 the	 experiment.	 This	 defined	 the	 relative	
amounts	of	particle	sizes	present,	sorted	according	to	size.	Two	different	particle	sizes	with	































































The	density	 of	 a	material	 is	 defined	 as	 its	mass	per	unit	 volume.	The	 term	 is	 applicable	 to	
solids,	 liquids	 and	 gases.	 These	 are	 materials	 used	 in	 this	 research	 and	 its	 accurate	
determination	is	very	critical	to	the	results.	The	densities	of	 the	liquids	were	obtained	with	
the	aid	of	conventional	mud	balance	and	or	by	weighing	known	volume	of	liquid	to	estimate	
the	 density.	 Samples	 of	 water	 and	 vegetable	 oil	 were	 measured	 at	 room	 temperatures	 to	
obtain	the	densities	using	the	above	two	methods	and	results	obtained	in	both	instances	are	
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Length	(m)	 Diameter	(m)	 Area	(m²)	 Volume	(m 3 )	
Test	pipe	1	 1.5	 0.1	 0.007855	 0.0118	
Test	pipe	2	 2	 0.08	 0.003849	 0.0077	
Test	pipe	3	 2	 0.07	 0.005027	 0.0101	
Test	pipe	4	 2	 0.1	 0.007855	 0.0118	


















The	observed	 flow	pattern	 changes	 are	 captured	using	a	powerful	digital	 camera	 including	
video	recording.		
Samples	 are	 collected	 during	 the	 experiment	 at	 regular	 interval	 to	 ensure	 the	 actual	 flow	









flowing	 slurry.	 The	MTV	 for	 rolling	was	 also	 determined	 similarly	 just	 as	 the	 settled	 sand	
began	to	move	or	slide.	At	the	end	of	an	experimental	run,	the	sand	was	separated	from	the	
liquid	by	means	of	a	sand	screen	filter	placed	inside	the	tank	below	the	discharge	pipe	as	the	
slurry	 exits	 the	 loop.	 The	 sand	 was	 recovered	 with	 the	 aid	 of	 the	 screen,	 the	 water	 re‐
circulated	back	into	the	loop	continuously	until	all	sand	particles	are	recovered.		







on	the	particles	already	 in	settled	mode.	At	 the	point	 the	particles	began	to	move,	 the	 fluid	
flow	rate	was	noted	and	recorded.				
After	 a	 set	 of	 experiment	 has	 been	 concluded,	 to	 ascertain	 level	 of	 attrition	 of	 the	 sand,	 a	
quick	check	of	the	sand	distribution	was	carried	out	and	compared	with	 50d obtained	at	the	
start	 of	 the	 experiment.	 The	 initial	 slurry	 concentration	 was	 checked	 against	 the	 slurry	
samples	collected	at	the	end	of	the	experiment	to	ascertain	consistencies	in	concentrations.	
4.5.3	Flow	pattern	visualization	and	characterisation	
A	 number	 of	 different	 methods	 have	 been	 proposed	 for	 the	 recognition	 of	 flow	 patterns	
ranging	 form	visual	observation	 to	 characteristic	 fluctuations	 in	holdup.	Barnea	et	 al.	1980	
observed	 that	 the	 designation	 of	 flow	 pattern	 has	 been	 based	 largely	 on	 individual	
interpretation	of	visual	observation.	While	some	instrumental	methods	of	analysis	have	been	
proposed	 by	 some	 workers,	 these	 are	 not	 simple	 to	 use	 and	 did	 not	 find	 widespread	
application	(Mishima,	Hibiki	and	Nishihara	1997,	Heindel,	Gray	and	Jensen	2008).	Spedding	
and	 Spence	 1993	 conducted	 a	 two	 phase	 flow	 experiment	 in	 a	 horizontal	 pipe.	 The	 flow	
regimes	were	 identified	by	a	combination	of	visual/video	observations.	They	observed	that	
the	existing	regime	maps	and	theories	 for	 the	prediction	of	phase	boundary	transitions	did	
not	 satisfactorily	predict	observed	 flow	pattern	 regimes,	particularly	when	 the	 geometrical	
parameters	and	physical	properties	of	 the	phases	were	varied.	Oddie	et	al.	2003	conducted	
transient	 experiments	 of	 water–gas;	 oil–water	 and	 oil–water–gas	 multiphase	 flows	 in	 a	
transparent	 inclinable	 pipe	 using	 kerosene,	 tap	water	 and	 nitrogen.	 The	 flow	 pattern	 data	
were	 obtained	 and	 recorded	 by	 visual	 observations	 and	 photographic	 evidence.	 Rodriguez	





methods	 for	 identification	 and	 classification	 of	 different	 flow	 patterns.	 As	 it	 has	 been	
mentioned	 in	previous	 chapters,	many	 authors	have	proposed	different	descriptions	of	 the	
flow	patterns.	In	describing	flow	patterns	in	this	case,	Barnea	et	al.	1980	descriptions	of	the	
location	of	gas	and	liquid	phases	in	pipe	are	adopted	with	some	modifications	to	account	for	
peculiar	 patterns	 encountered.	 The	 stratified	 flow	 is	 said	 to	 exist	when	 liquid	 flows	 at	 the	
bottom	 of	 the	 pipe	 with	 gas	 at	 the	 top.	 The	 interface	 can	 either	 be	 smooth	 or	 wavy.	 The	
intermittent	 flow;	 in	 this	 flow	 pattern	 the	 inventory	 of	 liquid	 in	 the	 pipe	 is	 non‐uniformly	
distributed	 axially.	 Slugs	 of	 liquid	 which	 fill	 the	 pipe	 are	 separated	 by	 gas	 zones	 which	
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identified	 three	 key	 sand	 transport	 patterns	 such	 as	 stationary	 bed,	 suspension	
(heterogeneous	 or	 homogeneous)	 and	 rolling	 or	 saltation	 (Darby	 	 2001,	 Oudeman	 	 1993.,	
Doron	 and	 Barnea	 1996,	 Takahashi,	 H.,	 Masuyama,	 T.	 and	 Noda,	 K.	 	 1989).	 The	
characterisation	are	often	achieved	by	direct	visual	observation,	video	recording	or	with	the	
aid	 of	 acoustic	 sand	 detection	 (Oudeman	 1993,	 Salama	 2000,	 Doron,	 Granica	 and	 Barnea	
1987,	Takahashi,	Masuyama	and	Noda	1989,	Gilles,	McKibben	and	Shook	1997).	











The	deposit	velocity	 for	 solid‐liquid	mixture	 is	 the	velocity	below	which	solid	particles	will	
settle	out	of	slurry	to	form	a	moving	bed	or	a	stationary	bed.	This	is	an	important	parameter	
in	 order	 to	 determine	 minimum	 transport	 velocity,	 MTV	 in	 pipeline/tieback.	 A	 key	
component	 of	 this	 parameter	 is	 the	 drag	 and	 lift	 coefficients.	 The	 deposit	 velocity	 was	
determined	 experimentally	 both	 at	 static	 and	 dynamic	 conditions	 in	 order	 to	 evaluate	 the	
drag	 and	 lift	 coefficients.	 An	 experimental	 set‐up	 was	 designed	 and	 constructed;	 see	 the	
schematic	and	pictorial	vertical	test	column	in	Figures	4.10	&	4.11.	
In	order	to	determine	deposit	velocity	in	static	condition,	the	vertical	pipe	column	was	filled	
with	required	 fluid.	The	particle	sample	was	dropped	 from	the	 top	of	 the	vertical	 tube	and	
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observed	 as	 it	 travelled	 through	 the	 liquid	 column.	 On	 the	 side	 of	 the	 column	 are	marked	
different	 points.	 The	 time	 taken	 for	 the	 particle	 to	 travel	 from	 the	 top	 to	 different	 level	 or	
distant	from	the	top	was	noted	and	recorded	with	the	aid	of	stop	watch.	This	procedure	was	
repeated	three	times	for	each	sample	particle	for	single	phase	water,	oil	and	two‐phase	oil‐


















prevent	 sand	 settling	 at	 the	 bottom	 of	 the	 pipeline.	 Solid	 particles	 will	 be	 transported	
horizontally	 without	 deposition	 if	 the	 transport	 condition	 for	 horizontal	 flow	 is	 satisfied,	
which	 is	 true	when	 fluid	 velocity	 exceeds	 the	 critical	 deposition	 velocity	 i.e.	 critf UU  .	 In	
general,	transportation	velocity	is	expected	to	be	approximately	1.2	times	the	deposit	velocity	





In	 this	 chapter	 the	 experimental	 facility	 and	 instrumentation	 used	 to	 carry	 out	 the	 critical	
measurements	 relating	 to	 flow	 pattern	 characterisations	 and	 solid	 particle	 transport	 in	
multiphase	 flow	 in	 pipes	 have	 been	 presented.	 This	 includes	 the	 methods	 proposed	 for	
measurement	 of	 different	 multiphase	 flow	 patterns,	 sand	 minimum	 transport	 velocity	 in	
multiphase	 flow	 and	 pressure	 drop.	 The	 experimental	 design	 has	 taken	 into	 account	











































through	 a	 long	 subsea	 tiebacks	 without	 solid	 depositions,	 there	 is	 the	 need	 for	 proper	
understanding	of	the	various	multiphase	flow	patterns	and	how	it	affect	solid	transport.	This	
among	 other	 factors	will	 enable	 for	 the	 development	 of	 appropriate	 predictive	models	 for	
solid	transport	either	in	suspension	or	rolling	modes.		
Two	 approaches	 are	 generally	 recognised	 for	 development	 of	 solid	 transport	 models	 in	
pipelines,	 the	 analytical	 and	 empirical	methods.	 Because	 of	 the	 complexities	 of	multiphase	
flow,	the	analytical	approach	will	often	require	some	assumptions	and	inputs	from	empirical	
measurement	particularly	when	describing	the	interactions	between	fluids	and	particles.	The	
combination	 of	 these	 approaches	 is	 believed	 to	 have	 better	 predictive	 tendency.	 A	
combination	of	analytical	equation	and	experimentally	determined	parameters	has	been	used	




In	 this	 chapter,	 the	 results	 of	 the	 experiments	 carried	 out	 for	 flow	 patterns	 and	 sand	
transport	 velocity	 are	 presented,	 analysed	 and	 discussed.	 The	 experimental	 facilities	 and	
measurement	techniques	adopted	are	as	described	in	Chapter	4.	There	were	essentially	three	
fluids	used	in	this	experiment,	water,	oil	and	gas	in	different	combinations	such	as	air‐water,	




representative	 flow	 rates	 for	 different	 flow	 pattern	 maps	 and	 sand	 minimum	 transport	
velocities	are	presented	using	the	concept	of	superficial	velocities	for	liquid	and	gas.		
The	 use	 of	 transparent	 acrylic	 pipe	 for	 test	 sections	 allows	 for	 visual	 observation	 of	 flow	
patterns	and	sand	deposition	as	shown	in	Figure	5.1.	The	large	pipe	size	used	in	this	case	was	





replicate	 different	 pipe	 sizes	 and	 topography	 of	 the	 sea	 floor	 in	 order	 to	 get	 as	 close	 as	

























QVavg  	 	 	 	 	 	 	 	 	 5.1	
	
In	multiphase	flow,	the	part	of	the	area	occupied	by	one	particular	phase	varies	in	space	and	
time,	 so	 the	 flow	 is	 no	 longer	 proportional	 to	 the	 velocity	 at	 a	 given	 point.	 Therefore,	 a	
hypothetical	fluid	velocity	is	calculated	as	if	the	given	phase	or	fluid	was	the	only	one	flowing	
























in	 the	 operation	 of	 the	 equipment	 and	 sensors.	 The	 measurement	 error	 was	 reduced	 by	
repeating	measurement	three	times	and	then	averaging	for	every	recorded	flow	patterns	and	







patterns	 are	 stratified	 smooth	 flow,	 stratified	wavy	 flow,	 dispersed	 bubble	 flow,	 elongated	
bubble	 flow	 and	 slug	 flow.	 In	 horizontal	 pipes	 the	 common	 flow	 patterns	 observed	 are	
stratified	 smooth,	 stratified	 wavy,	 dispersed	 bubble	 flow	 and	 elongated	 bubble	 flow.	 The	
elongated	bubble	flow	featured	prominently	in	0.08	meter	horizontal	test	pipe	and	as	well	as	





The	 experimental	 flow‐pattern	 map	 with	 superficial	 velocity	 coordinates	 is	 presented	 in	
Figure	 5.2	 and	 5.3	 for	 water–gas	 flow	 in	 0.07	 meter	 &	 0.08	 meter	 horizontal	 test	 pipe	
respectively.	For	two‐phase	water‐gas	flow,	the	patterns	observed	are	stratified	smooth	and	
stratified	 wavy	 in	 0.07	 meter	 pipe	 while	 stratified	 smooth	 flow,	 stratified	 wavy	 flow	 and	
elongated	bubble	flow	were	observed	in	0.08	meter	test	pipe.	It	can	be	seen	from	the	figures	
that	 at	 relatively	 low	 gas	 and	water	 flow	 rates,	 a	 stratified	 smooth	 flow	was	 observed.	 At	










































































section	 aggravated	 formation	 of	 slug	 flow	 and	 rapid	 transition	 from	 dispersed	 bubble	 to	
elongated	bubble	flow.	This	was	similar	observation	reported	by	(Oliemans	1994,	Oddie	et	al.	
2003).	At	25	degree	inclined	surface,	most	of	the	experiments	conducted	revealed	elongated	
bubble	 flow	and	slug	 flow.	 In	 few	cases	where	dispersed	bubble	 flow	was	observed,	 it	was	
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mostly	at	 the	entrance	and	accompanied	by	high	 turbulence.	This	may	be	attributed	 to	 the	
pipe	geometry	as	the	fluids	exits	into	inclined	pipe	section.		



















clear	 identification	 of	 the	 phases	 became	 very	 difficult	 as	 seen	 in	 Figure	 5.8.	 	 Each	 of	 the	
experimental	run	was	repeated	three	times	for	a	clear	identification	of	the	patterns	and	each	
data	compared.	Therefore,	after	careful	observation	it	was	apparent	that	the	dominant	flow	
patterns	 for	 oil	 in	water	 flow	 in	 horizontal	 test	 pipes	with	 different	 oil	 concentrations	 are	



























flow.	These	 patterns	were	 also	 observed	 for	 two‐phase	water‐gas	 flow	 in	 horizontal	 pipes.	
The	 flow	 patterns	 observed	 for	 three‐phase	 stratified	 flow	 closely	 resembles	 a	 two	 phase	





























disrupted	 and	 a	 dispersion	 of	 oil	 in	water	 is	 formed	 thus	 created	 complete	 creamy	 colour	
which	 made	 visibility	 difficult.	 Similar	 observations	 were	 reported	 by	 (Oddie	 et	 al.	 2003,	




























flow	 disappears	 immediately	 at	 inclined	 angle.	 The	 reason	 for	 this	 is	 that	 with	 upward	
inclination	 greater	 velocity	 will	 be	 required	 to	 transport	 the	 fluid	 as	 compared	 to	 the	
relatively	 low	velocity	characterised	by	stratified	flow.	At	15⁰	up	to	25⁰	of	pipe	 inclinations	
considered	 in	 these	 experiments,	 the	 observed	 flow	 patterns	 are	 slug	 flow	 and	 elongated	
bubble	 flow	 though	 dispersed	 bubble	 was	 also	 observed	 on	 few	 occasions.	 At	 high	 gas	
superficial	gas	velocities,	the	predominant	pattern	observed	was	slug	flow	as	shown	in	Figure	
5.12.	 At	 25⁰	 only	 slug	 and	 elongated	 bubble	 flows	were	 observed.	 For	 horizontal	 flow,	 the	

























gas	 obtained	 from	 the	 experiments	 with	 Beggs	 and	 Brill	 flow	 pattern	 prediction	 models	
which	 is	applicable	 to	horizontal	and	slightly	 inclined	pipes.	The	results	showed	more	than	
90%	of	the	data	were	predicted	with	the	models.	This	generally	enforces	the	choice	of	 flow	





Vsl	 Vsg	 Observed	pattern	 Model	prediction	
0.001	 15.18	 Dispersed	bubble	flow	 Dispersed	bubble	flow	
0.002	 15.02	 Dispersed	bubble	flow	 Dispersed	bubble	flow	
0.005	 15.37	 Dispersed	bubble	flow	 Dispersed	bubble	flow	
0.01	 15.09	 Dispersed	bubble	flow	 Dispersed	bubble	flow	
0.032	 0.366	 Stratified	flow	 Stratified	flow	
0.006	 0.344	 Stratified	flow	 Stratified	flow	
0.031	 0.787	 Stratified	flow	 Stratified	flow	
0.128	 0.733	 Stratified	flow	 Transition	flow	
0.004	 0.315	 Stratified	flow	 Stratified	flow	
0.102	 0.459	 Stratified	flow	 Transition	flow	
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0.0705	 14.818	 Slug	flow	 Dispersed	bubble	flow	
0.13	 15.037	 Slug	flow	 Slug	flow	
0.2165	 12.881	 Slug	flow	 Slug	flow	
0.3125	 10.43	 Slug	flow	 Slug	flow	
0.0385	 14.446	 Slug	flow	 Dispersed	bubble	flow	




different	 superficial	 gas	 velocities	 for	 horizontal	 and	 inclined	 test	 sections.	 The	 results	
obtained	 suggested	 that	 at	 high	 flow	 rate,	 the	 flow	 experienced	 higher	 pressure	 loss.	 Also	
observed	 that	 pressure	 drop	 strongly	 depends	 on	 flow	 patterns	 and	 consequently	 on	




pattern	observed	was	consistently	 in	dispersed	bubble	 tending	to	elongated	bubble	 flow	as	
can	 be	 seen	 in	 Figure	 5.14.	 At	 relatively	 low	 gas	 and	 liquid	 flow	 where	 flow	 pattern	 are	























































































































































fluid	 systems,	water‐oil‐gas	mixtures	was	 used	 to	 create	multiphase	 fluids.	 	 Different	 pipe	
orientations	were	used;	the	horizontal	test	sections	and	inclined	test	section.	The	horizontal	
pipes	consist	of	 the	0.07	&	0.08	meters	while	 the	 inclined	 test	section	with	pipe	size	of	0.1	
meter	which	can	be	varied	at	three	different	angles;	15⁰,	20⁰	and	25⁰.	The	results	for	each	of	






 Homogeneous	 suspension:	 Sand	 is	 transported	 in	 suspension	 and	 distributed	
uniformly	over	the	inside	of	the	pipe.	
 Suspension/Saltation:	 Sand	 is	 still	 transported	 in	 suspension	 but	 it	 is	 densely	
populated	 near	 the	 low‐side	 wall	 so	 that	 it	 is	 virtually	 transported	 by	 jumping	
forward	or	saltating	on	the	surface	of	the	low‐side	pipe	wall.		
 Continuous	Moving	Bed:	A	thin,	continuous	sand	bed	is	formed	on	the	low‐side	wall	of	






The	 flow	 visualisation	method	was	 used	 to	 determine	 the	minimum	 transport	 velocity	 for	
each	 of	 the	 experimental	 run.	This	 relies	upon	 identifying	 the	 exact	 flow	 rate	 at	which	 the	
solid	 begin	 to	 drop	 out	 of	 the	 flowing	 fluid	 when	 initially	 in	 suspension,	 that	 is	 MTV	 for	
suspension.	Or	exact	 flow	rate	when	 the	solid	begin	 to	move	when	 initially	at	 rest	 for	MTV	
rolling.	By	measuring	 the	 flow	 rates	 at	which	 the	particles	begin	 to	drop	off	 or	move	 from	
stationary	position,	the	minimum	transport	velocity	was	then	estimated	either	for	suspension	
or	 for	 rolling	 in	 each	 of	 the	 test	 pipes.	 Prior	 to	 each	 experimental	 run,	 sand	 particle	








The	MTV	results	 for	water‐sand	 flow	experiments	are	as	presented	 in	Figures	5.19	 to	5.21.	
The	sand	was	run	with	water	alone	in	three	different	pipe	sizes;	the	measured	velocities	are	
remarkably	different	for	suspension	and	rolling	as	shown	in	Figure	5.19.	It	can	be	seen	that,	
the	 velocity	 required	 to	 initiate	 sand	 rolling	 is	 less	 than	 that	 to	maintain	 solid	 particle	 in	
suspension.	The	pipe	diameter	also	affects	MTV	to	a	reasonable	extent.	Figures	5.20	and	5.21	





less	 energy.	 The	 two	 sand	 concentrations	 investigated	 for	 the	 same	 particle	 size	 both	 in	





























































































flow	patterns.	The	gradual	 increase	 in	gas	 flow	rates	 led	 to	 formation	of	dispersed	bubbles	
which	initiated	strong	turbulence	and	vortex	formation	in	the	pipe	flow.	This	was	a	common	
scene	 in	 the	0.1m	 inclined	pipe	 as	was	discussed	 earlier.	With	 further	 increase	 in	 gas	 flow	
rates;	 there	 was	 transition	 to	 stratified	 wavy	 and	 stratified	 smooth	 in	 0.07	 meter	 &	 0.08	
meter	 horizontal	 pipes.	 There	 it	 was	 observed	 that	 the	 fluid	 mixture	 has	 less	 capacity	 to	
transport	 the	 solid	 and	 increasingly	 the	 sand	 bed	 begin	 to	 form.	 In	 contrast,	 for	 0.1	meter	
inclined	pipe	where	slug	flow	developed	there	was	enhanced	solid	transportation	in	the	pipe	







































































for	 each	 of	 the	 pipe	 sizes.	 The	 increase	 in	 sand	 concentration	 resulted	 in	 increased	 sand	
loading	in	each	of	the	pipe	sizes	considered.	The	associated	decrease	in	carrier	fluid	velocity	

























































































































three	 flow	patterns.	The	greatest	observable	reduction	 in	sand	deposition	was	 in	slug	 flow,	
followed	 by	 elongated	 bubble	 flow	 and	 stratified	 flow	 patterns.	 The	 particle	 transport	




































observed	 which	 in	 this	 can	 be	 attributed	 to	 formation	 of	 slug	 flow.	 At	 higher	 upward	
inclinations,	 around	 20°‐40°,	 depending	 on	 the	 operational	 conditions	 the	 limit	 deposit	
velocity	passes	through	a	maximum	and	then	decreases	at	a	moderate	rate	(Doron,	Simkhis	
and	Barnea,	1997).	
At	 various	 superficial	 velocities,	 it	 was	 observed	 that	 improved	 sand	 transport	 occurred	
primarily	in	the	slug	flow	region	as	a	result	of	upward	inclination	as	can	be	seen	in	Figures	





flow	 to	 slug	 and	 this	 pattern	 is	 often	 characterised	 by	 lower	 MTV.	 Beyond	 20⁰,	 minimal	
changes	in	MTV	for	suspension	was	observed,	that	is	when	pipe	angle	was	adjusted	to	25⁰,	as	
shown	in	Figures	5.30	–	5.32.	This	 indicated	that	 the	change	 in	pipe	 inclinations	affects	 the	
flow	 patterns	 and	 consequently	 the	 MTV	 required	 for	 sand	 particle	 transport.	 Stevenson	
(Stevenson	 et	 al.	 2001)	 argued	 that	 the	 impact	 of	 slug	 flow	 on	 solid	 particle	 transport	 is	
































































developed	 slug	 flow	 as	 shown	 in	 Figure	 5.33.	 	 The	 sand	 concentration	 was	maintained	 at	
1.9%	 by	 volume	 of	 the	 mixture.	 The	 pressure	 drops	 were	 measured	 at	 various	 velocities,	
initially	at	suspension	velocity	where	the	pipes	are	free	of	solid	depositions.	Transportation	































 The	 minimum	 transport	 velocity	 is	 greatly	 influenced	 by	 the	 flow	 patterns.	 It	 was	
observed	that	the	slug	provided	better	solid	carrying	capacity	in	pipes.	For	large	pipe	
size,	 especially	 0.1	 meter	 pipe,	 there	 was	 tendency	 for	 flow	 patterns	 transiting	
directly	from	disperse	bubble	flow	into	slug	flow	or	elongated	bubble	flow	with	slight	
change	in	flow	conditions.	





 The	 change	 in	 fluid	 viscosity	was	 found	 to	 reduce	MTV	 required	 to	 transport	 solid	
particle	in	suspension	and	rolling.	This	was	apparent	when	oil	was	added	to	water	at	
incremental	volume.	
 It	 was	 found	 that	 the	 solid	 particle	 concentration	 influence	 deposition	 either	 with	
water	flowing	or	water‐oil‐gas	flow.	





Most	 importantly,	 the	 comprehensive	 experimental	 work	 has	 provided	 data	 base	 in	
multiphase	sand	transport	flow	in	pipeline.	This	was	a	valuable	measured	data	which	served	
as	 input	 parameters	 in	 the	 development	 and	 validation	 of	 a	 new	 model	 for	 minimum	
transport	velocity,	MTV.	This	was	quite	significant	 in	 the	development	of	 true	and	accurate	
models.		
Many	 of	 the	 existing	 models	 relied	 on	 simulated	 data	 for	 development	 of	 sand	 transport	
models.	 These	 have	 not	 worked	 well	 because	 of	 the	 inaccuracies	 experienced	 with	 such	
models.	 The	 painstaking	 efforts	 required	 in	 the	 acquisition	 of	 experimental	 data	may	 have	
discouraged	 a	 number	 of	 researchers	 in	 pursuing	 this	 method.	 However,	 there	 is	 never	 a	
substitute	for	measured	experimental	data	if	the	objective	was	to	develop	accurate	models.		
Though	the	primary	focus	of	this	experimental	work	was	on	fluid	velocity	required	for	sand	
transport,	 but	 as	 it	 has	 been	 highlighted	 in	 the	 previous	 sections	 the	 importance	 of	 flow	
patterns	 in	 the	 transport	 phenomenon	 cannot	 be	 underestimated.	 As	 we	 have	 seen	 flow	
patterns	definitions	contributed	significantly	in	the	sand	transport	modes	in	multiphase	flow.	
For	water‐oil‐gas‐sand	 flow	 given	 different	 superficial	 velocities,	 it	 was	 noted	 that	 greater	
sand	 particle	 transport	 occurred	 in	 slug	 flow	 pattern.	 	With	 arrival	 of	 slug	 flow,	 the	 sand	
particle	 experienced	 pick‐up	 and	 drop	 form	 of	 movement	 from	 the	 pipe	 bottom	 into	 the	
turbulent	 core	 of	 the	 fluids.	 The	 pressure	 drop	 observed	 in	 this	 phase	was	 relatively	 high	
though	with	greater	sweep	of	 the	pipe	bottom.	 In	 the	stratified	smooth	and	stratified	wavy	
flows,	most	of	the	sand	particles	were	transported	in	the	liquid	phase.	But	due	to	low	liquid	













transport	 in	 pipeline.	 Some	 of	 these	 models	 have	 been	 discussed	 in	 chapter	 2	 and	 their	
limitations	 have	 been	 highlighted.	 It	 is	 important	 to	 understand	 the	 forces	 influencing	

























25.0  	 	 	 	 	 	 	 	 6.3	
	
AVCF fDD




























GDLB FFFF  	 		 	 	 	 	 	 	 6.5	
	
DGLB FFFF  ,	for	rolling		 	 	 	 	 	 6.6	
	





suggested	 that	 Equation	 6.6	 can	 be	 taken	 as	 the	 main	 criterion	 for	 particle	 movement	
initiation	in	horizontal	pipe.	
In	 an	 inclined	 pipe	 surface,	 the	 forces	 acting	 on	 a	 particle	 being	 transported	 upward	 are	
predominantly	lift	force	(FL),	drag	force	(FD),	gravity	force	(FG)	and	friction	force	(FR)	as	can	
be	seen	 in	Figure	6.1.	Peden	et	al.	1990	proposed	 that	 the	gravity	 force	should	be	resolved	
into	two	components,	namely:	
	
 cosGGpl FF  ,	parallel	to	the	pipe	axis	 	 	 	 	 6.8	
	




   sLGR fFFF  sin 	 	 	 	 	 	 	 6.10	
	
 LGppR FFF  	 	 	 	 	 	 	 	 6.11	
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Where,	 FGpl	 is	 the	 resolved	 gravitational	 force	 parallel	 to	 pipe	 axis,	 FGpp	 is	 the	 resolved	





solid	 particles	 to	 be	 in	 suspension	 and	 or	 rolling	 mode,	 two	 conditions	 must	 be	 fulfilled,	
Peden	et	al.	1990,	
	
















































































 sin 	 	 	 	 	 6.15	
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	Where	 DC 	&	 LC 	 are	hydraulic	 drag	 and	 lift	 coefficients	determined	 from	deposit	 velocity	
and	 MTV	 rolling	 experiments	 respectively,	 P &	 f 	 are	 solid	 particle	 density	 and	 fluid	












 	 	 	 	 	 	 	 6.16	
	





















the	 relationship	 between	 the	 drag	 coefficient	 DC 	 and	 particle	 Reynolds	 number,	 Rep.	 The	
drag	 coefficient	 represents	 the	 fraction	 of	 the	 kinetic	 energy	of	 the	 settling	 velocity	 that	 is	
used	 to	 overcome	 the	 drag	 force	 on	 the	 particle,	 while	 the	 Reynolds	 number	 is	 a	 ratio	
between	 the	 inertial	and	viscous	 forces	of	a	 fluid	 (Chien	1994).	As	 the	particle	 size	or	 flow	
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24DC 	 	 	 	 	 	 	 	 	 6.18	
	











DC 	 	 	 	 	 	 	 	 6.19	
	
A	 number	 of	 DC –Re	 formulas,	 empirical	 or	 semi	 empirical	 can	 be	 found	 in	 the	 literature,	




       09.1657.0 Re163001 413.0Re173.01Re24DC ,	(Turton	&	Levenspiel,	1986)	







































	 	 	 	 	 	 	 	 	 	 	 6.21	
	
      38.043.0 Re04.0exp147.0Re27.01Re24DC ,	(Cheng,	2009)	 	




    687.0Re15.01Re24DC ,	(Schiller	Naumann,	1933)	 	 	 	
	 	 	 	 	 	 	 	 	 	 	 6.23	
	
An	experimental	determination	of	the	drag	coefficient	is	often	based	on	measurement	of	the	




The	 Schiller	 Naumann	 DC 	 correlation	 is	 commonly	 used	 as	 drag	 correction	 expression	 in	
multiphase	 flows	 since	many	 particles	 are	 constrained	 to	 Reynolds	 number	 values	 in	 this	
range.	 However,	 it	 was	 observed	 that	 the	 main	 limitation	 of	 the	 model	 was	 its	 limited	
capability	for	predicting	the	laminar	flow	region.	The	model	was	then	modified	especially	to	
improve	on	this	limitation.	This	led	to	the	development	of	a	new	 DC correlation	based	on	the	
experimental	 data	 for	 multiphase,	 water‐oil‐gas	 flow.	 The	 development	 of	 the	 new	
DC correlation	that	 is	a	 function	of	Reynolds	number	was	based	on	fitting	the	experimental	
data	 to	 the	 base	 equation	 using	 MS‐Excel	 goal‐seek	 program.	 The	 generic	 form	 of	 the	
equation	was	described	as:	
	













24 687.0 	 	 	 	 6.24	
	
















DC 	 	 	 6.25	
	
The	 experimental	 data	 was	 divided	 into	 three	 parts;	 one	 part	 was	 used	mainly	 for	 model	
development,	the	second	sets	of	data	were	used	for	model	testing	and	the	third	sets	of	data	






The	 developed	 DC 	 model	 was	 an	 improvement	 on	 Schiller	 Naumann	 model	 as	 shown	 in	
Figure	6.4.	It	incorporated	an	extended	Stokes	law	and	the	deviations	from	the	Newton’s	law.	









































































data.	 The	 results	 for	 two‐phase	 oil‐water	 flow	 and	 three‐phase	 oil‐water‐gas	 flow	 are	 as	
presented	 in	 Figures	 6.5	 &	 6.6.	 The	 new	 drag	 coefficient	 model	 performed	 well	 with	 the	
experimental	data	given	high	RSQ	correlation	coefficient	which	was	98%	&	99%	respectively.	
When	 the	viscosity	 is	 relatively	high,	 such	as	 in	 single	phase	oil	 flow,	 the	 regime	 is	usually	







the	model,	 shown	 in	 Figure	 6.8.	 There	was	 excellent	 agreement	 between	 the	 experimental	
















































































































































Average	percent	error	(APE)	 13.81	 16.30	 10.86	 1.71	
R‐Square	value	(R²)	 0.9996	 0.9794	 0.9996	 0.9869	
	
6.3	Development	of	lift	coefficient	( LC )	correlation		
Lift	 force	 acts	 in	 the	 direction	 perpendicular	 to	 the	 fluid	 velocity	 characterised	 by	 lift	
coefficient,	defined	previously	as:		
AVCF fLL
25.0  									 	 	 	 	 	 	 6.3	
	 	 	 	 	 	 	 	 	 	 	 	 	
Where	FL	is	lift	force,	 LC is	lift	coefficient,	 f is	the	fluid	density,	A	is	the	projected	area	of	the	
particle	and	V	is	the	fluid	velocity	relative	to	the	particle.		
The	rolling	or	saltating	motion	of	particles	on	a	surface	of	pipe	wall	when	in	contact	with	flow	
occurs	 in	multiphase	 fluids	 transport	situations.	 In	order	 to	describe	 the	particle	motion	 in	
these	situations	 it	 is	 important	 to	accurately	know	the	hydrodynamic	 forces	exerted	on	the	
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particle	 by	 the	 surrounding	 fluid.	 The	 particle	 motion	 will	 then	 be	 dictated	 by	 a	 balance	
between	 the	 hydrodynamic	 forces,	 gravitational	 effect,	 contact	 friction	 with	 the	 wall	 and	
other	influences	such	as	electrostatic	forces.	
The	 hydrodynamic	 lift	 force	 is	 based	 on	 Bernoulli's	 Principle,	 which	 relates	 the	 total	 fluid	
pressure	 on	 a	 body	 to	 the	 sum	 of	 static	 and	 dynamic	 pressure.	 The	 Lift	 is	 the	 sum	 of	 two	
component	 forces	 of	 pressure	 and	 wall	 shear	 in	 the	 direction	 normal	 to	 the	 flowing	 fluid	
tending	 to	move	 the	body	 in	 its	direction.	The	hydrodynamic	 forces	experienced	by	a	 solid	
particle	in	a	pipe	govern	the	particle	movement	in	multiphase	flow.	Here,	the	lift	coefficient	




force	 exerted	 on	 a	 particle	 by	 the	 fluid	motion	 (Zastawny,	Mallouppas,	 Zhao	 and	Wachem,	
2012).	 One	was	 proposed	 by	 (Bagchi	 and	 Balachandar	 2002)	 to	 estimate	 lift	 coefficient	 in	
turbulent	and	laminar	flow	and	can	be	expressed	as,	
	






 	 	 	 	 	 	 6.26	









In	 developing	 LC correlation,	 the	 data	 from	 experiment	 conducted	 for	 particle	 minimum	
transport	 velocity	 in	 rolling/saltation	 mode	 was	 used	 to	 determine	 the	 particle	 Reynolds	
number,	Rep	and	 lift	coefficient,	 LC .	Though	this	method	was	not	error	proof	but	measures	
were	taken	to	prevent	sudden	turbulent	disturbances	arising	from	fluid	velocity.	The	full	data	
are	presented	in	Appendix	B.	




the	 new	 LC correlation	 were	 obtained	 as	 a	 function	 of	 Reynolds	 number	 by	 fitting	 the	
experimental	data	to	the	base	equation	using	MS‐Excel	goal‐seek	program.		
Solving	 for	 these	empirical	constants,	 the	equation	 that	best	 fits	 the	experimental	data	was	
determined	and	can	be	expressed	as:	
	






























































The	 predictions	 with	 the	 proposed	 drag	 and	 lift	 coefficient	 correlations	 gave	 the	 best	
representation	of	 the	multiphase	experimental	data	and	data	obtained	 from	the	 literatures.	









































The	 solid	 transport	 mechanism	 in	 multiphase	 flow	 in	 pipelines	 is	 dependent	 on	 several	
parameters	of	which	the	most	important	are	the	carrier	flow	velocity	and	solid	particle	size.	
These	two	parameters	also	determine	the	 flow	regime	which	exists	when	transportation	of	
solid	 particles	 takes	 place.	 The	 key	 objective	 however	 is	 to	 keep	 the	 solid	 particles	 in	
suspension	 and/or	 rolling	 along	 the	 bottom	 of	 the	 pipe	 to	 prevent	 sand	 bed	 formation.	 In	
transporting	 unprocessed	 oil	 and	 gas	 reservoir	 fluids,	 it	 is	 important	 to	 avoid	 the	 solids	
entrained	 in	 the	 body	 of	 multiphase	 fluids	 to	 settle.	 This	 can	 be	 done	 by	 keeping	 the	
multiphase	 reservoir	 fluid	 velocity	 in	 the	 pipe	 lines	 above	 certain	 levels	 referred	 to	 as	
minimum	transport	velocity	(MTV)	in	this	case.	The	MTV	depend	primarily	on	the	type	and	
size	 of	 the	 entrained	 solid.	 If	 solids	 settle,	 the	 area	 of	 the	 pipe	 available	 to	 flow	 will	 be	
reduced	and	the	fluid	velocity	may	tend	to	increase	initially	until	such	a	stage	where	settled	
solids	completely	block	the	flow	part.	
There	 are	 systems	 of	 governing	 equations	 that	 have	 been	 developed	 for	 solid	 transport	
velocity	 based	 upon	 behaviour	 of	 water‐sand	 and	 water‐oil‐gas‐sand	 multiphase	 flow	 in	
pipes.	 The	 mathematical	 model	 involves	 balance	 equations	 deduced	 from	 mass	 and	
momentum	conservation	laws,	constitutive	models	and	forces	due	to	drag	force,	gravitation	
force,	 buoyancy	 force,	 friction	 force,	 particle‐liquid	 turbulent	 interaction	 force,	 particle‐
particle	interaction	force	and	particle‐pipe	wall	interaction	force.		
In	addition	 to	 the	conservation	 laws	 for	mass,	energy	and	momentum,	 there	are	additional	
laws	 that	 govern	 the	 rate	 at	 which	 these	 quantities	 are	 transported	 from	 one	 region	 to	
another	 in	 a	 continuous	 medium	 (Darby	 2001).	 These	 are	 called	 phenomenological	 laws	
because	 they	 are	 based	 upon	observable	 phenomena	 and	 logic	 but	 they	 cannot	 be	 derived	




Rate	of	transport	=	Driving	force	/	Resistance		 	 	 	 7.1	
	
The	ability	to	predict	the	behaviour	of	solid‐liquid‐gas	flows	is	vital	for	the	successful	design	
and	 determination	 of	 optimum	 operating	 conditions	 of	 the	 production	 pipelines.	 The	
dynamics	 of	 these	 types	 of	 systems	 can	 be	 investigated	 through	 experiments	 or	 through	
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numerical	 simulations.	 The	 experimental	 method	 coupled	 with	 numerical	 method	 was	
adopted	in	this	research	for	the	formulation	of	appropriate	MTV	models	for	suspension	and	
rolling	in	pipeline/tieback.		
Generally,	whenever	 there	 is	relative	motion	between	solid	particle	and	a	 flowing	 fluid,	 the	
solid	 particle	 will	 experience	 drag	 and	 lift	 forces	 from	 the	 surrounding	 fluid.	 Accurate	
predictions	of	these	forces	are	crucial	to	MTV	models	and	served	as	input	parameters.		
7.2	Concept	of	minimum	transport	velocity	(MTV)	
The	 sand	 particle	 transport	 driving	 forces	 are	 somewhat	 complicated	 in	 a	 transient	
multiphase	 flow	 environment.	 Multiphase	 fluid	 flow	 in	 pipeline/tieback	 is	 a	 transient	
phenomenon.	 The	 flow	 of	 multiphase	 oil	 and	 gas	 production	 in	 the	 long	 tieback	 is	
accompanied	by	pressure	drop	with	 the	multiphase	pattern	 generally	 changing	 as	 a	 result,	
from	dispersed	bubble	through	to	slug,	plug,	annular	and	stratified	flow	patterns	depending	
on	 liquid‐liquid‐gas	 flow	 velocities,	 pipe	 angle	 among	 other	 factors.	 	 Solids	 entrainment	 is	
subjected	 to	 different	 driving	 forces	 given	 different	 flow	 patterns	 as	 they	 are	 transported	
through	 the	 pipeline.	 For	 practical	 purposes	 and	 to	 simplify	 the	 complex	 phenomena,	 the	
concept	of	Minimum	Transport	Velocity	(MTV)	mechanism	has	been	adopted.	The	underlying	
principle	of	the	MTV	concept	is	that	solids	in	subsea	tiebacks/pipelines	will	be	transported	as	
long	 as	 they	 are	 upwardly	mobile	 whether	 by	 rolling/sliding	 along	 the	 low	 side	wall	 of	 a	
pipeline	or	 in	heterogeneous	suspension.	The	concept	assumes	 that	 the	 fluid	point	velocity	
acting	 on	 a	 solid	 particle	 on	 the	 low	 side	 wall	 of	 the	 pipe	 needs	 to	 be	 greater	 than	 the	
minimum	 transport	 velocity	 for	 the	 solid	particle	 to	be	upwardly	mobile	 (Peden,	 Ford	 and	
Oyeneyin,	1990),	(Larsen,	Pilehvari	and	Azar	1997)	and	(Bello,	Oyeneyin	and	Oluyemi,	2011).	
Thus	for	average	fluid	velocity	below	the	MTV	for	rolling,	stationery	bed	will	result.	When	the	
velocity	 is	 below	 the	MTV	 for	 suspension,	 will	 result	 in	 solids	 sliding	 along	 the	 pipe	 wall	
which	may	result	in	stationary	bed	as	the	pressure	drops	along	the	pipeline	causing	further	
reduction	 in	 the	 particle	 drag	 forces.	 However,	 the	 key	 issue	 here	 was	 to	 integrate	 the	
velocity	 profile	 models	 for	 different	 flow	 patterns	 in	 the	 overall	 development	 of	 the	 solid	
transport	 models.	 This	 formed	 the	 basis	 for	 MTV	 predictive	 models	 for	 suspension	 and	
rolling.	 The	 velocity	 profiles	 models	 developed	 for	 different	 flow	 patterns	 have	 been	
discussed	in	chapter	3	of	this	thesis.		
7.3	Development	of	MTV	models	
The	 primary	 objective	was	 to	 determine	 the	minimum	 transport	 velocity	 for	 sand	 particle	
movement	in	multiphase	fluid	either	in	suspension	or	rolling	using	a	semi‐empirical	method.	
Equations	 6.12	 &	 6.15	 for	 rolling	 and	 suspension	 respectively	 and	 Equation	 6.16	 for	
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suspension	 in	 a	 vertical	 were	 successfully	 fitted	 to	 the	 experimental	 data	 to	 obtain	 the	
empirical	 constants	 a,	 b	 &	 c	 in	 all	 the	models.	 	 	 This	 involved	 using	 hybrid	models	which	
combined	empirical	and	analytical	solutions.	This	is	commonly	used	where	model	is	not	only	
based	 on	 analytical	 principle	 or	 derived	 from	 first	 principle.	The	model	 relates	 to	 physical	
properties,	 but	 the	 value	 of	 that	 property	 is	 determined	 by	 fitting	 it	 as	 a	 parameter	 to	











































































* 	 	 	 	 	 	 	 6.16	
	
The	 key	 parameters	 in	 Equations	 6.12,	 6.15	 &	 6.16	 are	 the	 particle	 drag,	 DC and	 lift	 LC 	
coefficients	 which	 can	 be	 determined	 from	 Equations	 6.25	 &	 6.28	 respectively	 previously	
developed.	 The	 experimental	 data	 for	 MTV	 suspension	 and	 rolling	 were	 presented	 and	
discussed	earlier.		
In	 the	 development	 of	 MTV	 for	 suspension	 and	 rolling,	 the	 adoption	 of	 velocity	 profile	
estimates	for	key	flow	patterns	coupled	with	semi	empirical	model	was	used.	These	involved	
iterative	 procedures	 and	 computer	 codes	were	 developed.	 The	 visual	 basic	 (VB)	 code	was	
written	 into	 excel	 and	 presented	 in	 appendix	 D.	 The	 MTV	 predictions	 are	 presented	 in	
















5. Determine	particle	Reynolds	number	Re,	drag	&	lift	coefficients DC , LC from	equations	
6.25	&	6.28	respectively.	
6. Calculate	 particle	 point	 velocity	 in	 suspension	 &	 or	 in	 rolling	 mode	 either	 for	
horizontal	pipe	or	vertical	pipe	from	equation	6.12,	6.15	&	6.16.	
7. Carry	 out	 iterative	 trial	 and	 error	 calculations	 starting	 from	 step	 4	 until	 absolute	












2. 302.01 316 LL  			(equation	2.3)									
																																															 	 	 	





4. 4516.13 10.0  LL  	(equation	2.5)						
																																																																								 	 	
5. 738.64 50.0  LL  (equation	2.6)						
	
																																																																																																														
6. 1&01.0 LNFrL  		OR		 2&01.0 LNFrL  	(equation	2.7)		
	 	 	 	
7. 	 13&4.001.0 LNL FrL   		OR		 43&4.0 LNL FrL  	(equation	2.8)		
										 	
8. 1&4.0 LNFrL  		OR		 4&4.0 LNFrL  	(equation	2.9)								
													 	 	

























































rUV SGrg (equation	3.27)	 	 	 	 	 	 	
	

















































sincos1 	(equation	6.12)	 	 	 	
	 	


















 sin 		(equation	6.15)	 	 	 	
	 	
	





























Several	 correlations	 have	 been	 advanced	 to	 predict	 sand	 settling	 conditions.	 In	 this	 study,	
semi‐empirical	models	to	determine	minimum	transport	velocity	(MTV)	for	suspension	and	
rolling	 both	 in	 horizontal	 and	 inclined	 pipe	 sections	 under	 different	 flow	 conditions	 have	
been	developed.	The	development,	 testing	 and	validation	of	 the	proposed	models	 required	
acquisition	 of	 reliable	 experimental	 data.	 A	 multiphase	 flow	 loop	 was	 designed	 and	
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constructed	 for	 this	purpose	as	discussed	 in	 chapter	4.	The	acquired	data	 for	 sand	particle	
transport	in	multiphase	fluids	are	presented	in	appendix	E.		
Figures	 7.1	 through	 7.7	 give	 the	 results	 of	 the	 comparison	 between	 the	 proposed	 model	
prediction	and	measured	experimental	data	of	sand	particles	velocity	in	three‐phase	/	four‐
phase	pipe	flow	systems.	The	measured	experimental	data	and	predicted	MTV	results	using	
velocity	profile	 concept	 show	good	agreement.	The	margin	of	 errors	 recorded	between	 the	
MTV	predicted	and	measured	results	was	12%	maximum	both	in	horizontal	and	inclined	pipe	























































Figure	 7.2:	 Comparison	 of	 measured	 &	 predicted	 MTV	 suspension	 in	 dispersed	 bubble	


















































Slug flow Dispersed bubble  flow Annular flow
	

















































































show	 the	 capabilities	 of	 these	 models	 to	 effectively	 predict	 the	 solid	 particle	 transport	 in	
tieback	/	pipeline.	The	 independent	experimental	data	provided	a	yardstick	 for	assessment	



































































































































Average	percent	error		 12.27	(0.07m)	 11.39	(0.08m)	 2.73	(0.07m)	 2.63	(0.08m)	





	 15⁰	 20⁰	 25⁰	
Average	percent	error		 1.21	 1.18	 1.42	



















































The	 accuracy	 recorded	with	 the	 present	model	was	 as	 a	 result	 of	 the	method	 adopted	 for	
MTV	prediction	as	presented	in	Figure	7.13	for	the	solution	strategy	adopted.	It	can	be	seen	







and	 discussed	 in	 detail	 in	 previous	 chapters	 and	 it	 includes	 flow	 pattern	 characterisations	
and	sand	particle	minimum	transport	velocity	necessary	to	prevent	solid	deposition	among	
others.	 The	 sand	 transport	modelling	 is	 therefore	 an	 important	 component	 to	 ensure	 flow	
assurance	in	multiphase	transport	in	pipeline.			
The	multiphase	 solid	 transport	 experimental	 results	 indicates	 fluid	 velocity,	 flow	 patterns,	
fluid	viscosity,	pipe	 inclinations,	pipe	size	and	sand	concentration	have	profound	effects	on	
solid	 particle	 transport	 in	 multiphase	 flow,	 details	 have	 been	 presented	 and	 discussed	 in	
Chapter	5.	In	order	to	prevent	solid	bed	formation	by	keeping	the	solid	in	suspension	and	if	
settled,	 to	 keep	 the	 solid	 moving	 at	 the	 bottom	 of	 the	 pipe	 require	 careful	 design	 and	
optimisation	of	 the	critical	parameters.	 	 In	this	chapter,	analysis	procedures	that	have	been	






make	 it	 as	 perfectly	 as	 possible	 with	 respect	 to	 decision	 parameters.	 In	 this	 research,	 an	
optimisation	strategy	was	designed	to	solve	sand	minimum	transport	velocity	in	single‐phase	






1. Determination	 of	 prevalent	 flow	 patterns	 which	 was	 achieved	 by	 using	 Beggs	 and	
Brill	models	for	flow	pattern	predictions	applicable	to	all	pipe	geometry	(Beggs	and	
Brill	 1973).	 There	 is	 continuous	 change	 in	 flow	 pattern	 as	 the	 fluids	 enter	 the	
pipeline	 from	dispersed	 bubble	 flow,	 to	 stratified	 flow,	 slug	 flow	 and	 annular	 flow	
depending	on	multiphase	flow	characteristics,	pipe	size	and	pipe		inclinations.		
2. Determination	 of	 the	 velocity	 profile	 for	 the	 identified	 pattern	 by	 calling	 on	 the	
appropriate	model(s)	matching	the	prevailing	flow	pattern.	The	flow	velocity	profiles	
developed	are	for	dispersed	bubble	flow,	slug	flow,	annular	flow	and	stratified	flow.		




see	 Appendix	 H	 by	 comparing	 the	 particle	 velocity	 with	 assumed	 flow	 velocity	 to	
estimate	 appropriate	 minimum	 transport	 velocity	 sufficient	 to	 transport	 solid	
particles	 either	 in	 suspension	 or	 in	 a	 rolling	 mode	 in	 horizontal,	 high	 angle	 and	
vertical	pipes.		
5. The	parameters	used	were	as	presented	earlier	in	Table	7.1.	Some	of	the	entry	data	for	flow	





in	 single‐phase	 and	 multiphase	 (water‐oil‐gas)	 flow	 in	 horizontal,	 high	 angle	 and	 vertical	





each	 other.	 The	 system	 optimisation	 must	 allow	 for	 efficient	 and	 safe	 operation	 of	 every	
component	of	the	production	system.	The	focus	in	this	project	was	on	the	transport	of	solids	
in	multiphase	through	the	surface	flow	line	to	prevent	sand	bed	formation.		
Different	 parameters	 are	 optimised	 depending	 the	 phase	 of	 operation,	 either	 at	 the	 design	
phase	 or	 during	 the	 operation	 of	 the	 multiphase	 pipeline/tieback.	 The	 problem	 has	 been	
represented	 with	 the	 developed	 semi‐empirical	 models	 and	 decision	 parameters	 can	
therefore	be	optimised.	The	models	for	MTV	suspension	and	rolling	in	horizontal,	high	angle	
and	 vertical	 pipes	 have	 been	 presented	 in	 Chapter	 6	while	 the	 velocity	 profile	models	 for	
different	flow	patterns	are	presented	in	Chapter	3.	The	key	parameters	used	in	these	models	








Disp.	bubble	flow	 Slug	flow	 Stratified	flow	 Annular	flow*	
Vsl,	m/s	
Vsg,	
m/s	 Vsl,	m/s	 Vsg,	m/s	 Vsl,	m/s	
Vsg,	
m/s	 Vsl,	m/s	 Vsg,	m/s	
0.001	 15.18	 0.42	 6.26	 0.032	 0.366	 5.8	 20	
0.002	 15.02	 0.345	 5.52	 0.006	 0.344	 3.1	 20	
0.005	 15.37	 0.155	 6.64	 0.12	 0.653	 1	 15	
0.01	 15.09	 0.17	 5.47	 0.095	 0.413	 1.5	 14.4	






Flow	rate	 Yes,	 to	 prevent	 solid	 deposition	
and	 bed	 formation.	 This	 depends	
on	 the	 well	 deliverability	 which	
can	be	varied	 for	optimum	flow	to	
prevent	 sand	 influx.	 The	 rate	 of	
return	 on	 investment	 may	 also	
drive	the	flow	rate	requirement.	
Yes,	 to	 prevent	 solid	 deposition	
and	bed	formation.	The	 flow	rate	
can	 be	 adjusted	 in	 order	 to	
minimise	 solid	 deposition	 and	
initiate	 formation	 of	 particular	
flow	pattern.	
Fluid	density	 Possible,	 depending	 oil/gas	 ratio.	
The	 fluid	 mixture	 will	 change	 as	
the	 flow	 velocity	 and	 pressure	




Pipe	size	 Yes,	 depending	 on	 require	 flow	
rate.	 Optimum	 pipe	 size	 is	
desirable.	
No,	 this	 is	 already	 in	 place	 and	
will	not	change.	
Pipe	angle,	θ	 Yes,	 during	 pipeline	 construction	
and	 installation.	 Can	 pre‐






Particle	size	 No,	 the	 reservoir	 particle	 size	 can	
be	 obtained	 the	 sand	 grain	
distribution.		
No,	 this	 will	 not	 change.	 The	
underlying	 assumption	 was	 that	
the	sand	particle	is	insoluble.	
Particle	conc.		 Yes,	 can	model	 optimum	 flow	 rate	
to	prevent	sand	influx	into	the	well	
bore	 and	 consequently	 into	 the	
surface	facility.	



































It	 is	 fair	 to	 say	 that	 it	 was	 rather	 difficult	 finding	 published	 research	 papers	 that	 present	
reliable	 experimental	 data	 for	 sand	particle	 transport	 in	multiphase	 fluid	 flow.	Most	 of	 the	
data	in	the	public	domain	are	mainly	those	generated	from	hydraulic	conveying	experiment.	
The	 trend	 within	 hydraulic	 transport	 research	 was	 to	 predict	 deposit	 velocity	 or	 critical	
velocity	of	 liquid	that	will	cause	solid	to	drop	out	of	suspension.	Such	models	are	unable	to	
predict	solid	particle	movement	either	in	suspension	or	rolling	in	multiphase	production	and	
multiple	 fluid	 flows	 in	 subsea	 tiebacks	 given	 the	 multiple	 complexities	 associated	 with	 it.	
Merely	 extending	 the	 hydraulic	 transport	 concept	 to	 solid	 particle	 transport	 in	multiphase	
fluid	flow	will	not	serve	any	useful	purpose.		
In	the	light	of	this,	the	solid	particle	Minimum	Transport	Velocity	(MTV)	in	multiphase	flow	
measurements	 was	 conducted	 in	 three	 phase	 flow	 loop.	 The	 impacts	 of	 key	 parameters	
influencing	solid	particle	transport	in	multiphase	flow	in	pipes,	such	as	pipe	inclinations	and	







in	 results	 obtained	 with	 the	 proposed	 MTV	 models	 when	 compared	 with	 those	 in	 public	
domain.	
It	 is	 also	 clear	 from	 the	 results	 obtained	 that	 a	 single	model	 cannot	be	used	 to	predict	 the	
MTV	 for	 all	 the	 flow	 patterns.	 There	 was	 significant	 difference	 both	 in	 terms	 of	 MTV	 for	
suspension	 and	 rolling	 for	 dispersed	 bubble,	 slug	 as	well	 as	 single	 phase.	 The	 adoption	 of	
minimum	 transport	 velocity	 using	 the	 velocity	 profiles	 concept	 has	 thrown	more	 light	 on	
solid	transport	mechanism	in	multiphase	flow.		
The	optimisation	strategy	employed	provided	insight	on	the	influence	of	key	parameters	on	
solid	 transport	 efficiency	 in	 multiphase	 transport	 pipelines.	 	 The	 strategy	 employed	 a	
combination	of	velocity	profile	models	and	analytical	models	to	optimise	minimum	transport	
velocity	in	pipeline	based	on	the	system	and	multiphase	fluids	characteristics.	
The	 proposed	 models	 have	 taken	 into	 account	 various	 factors	 affecting	 solid	 transport	 in	
multiphase	 production	 which	 were	 lacking	 in	 the	 literature	 models	 considered.	 	 The	 key	
differences	between	these	models	and	the	present	model	are	given	in	Table	7.6	below.	Some	
of	 the	 predictions	 carried	 out	with	 the	 current	models	with	 error	margin	 above	 12%,	 the	



































































gas	 companies	 to	 increase	 capital	 expenditures	 in	 exploration	 and	 production	 from	 these	
difficult	 terrains.	One	of	 the	major	 concerns	 is	 the	 transportation	of	unprocessed	 reservoir	
fluid	 with	 potential	 risk	 of	 entrained	 solid	 particle	 deposition	 and	 bed	 formation	 thereby	




studied	 using	 numerical	 and	 experimental	 methods.	 Solid	 particle	 minimum	 transport	
velocity	 (MTV)	 for	 suspension	 and	 rolling	 in	 multiphase	 fluid	 flow	 in	 horizontal,	 slightly	
inclined	and	vertical	pipes	system	have	been	developed.	Experiment	was	performed	in	order	
to	acquire	critical	data	to	improve	and	validate	the	MTV	models.	Fundamental	understanding	
of	 the	 mechanism	 of	 solid	 transport	 in	 multiphase	 flow	 in	 pipes	 has	 been	 established	 for	




used	 to	 generate	 fluid	 velocity	 profiles	 for	 a	 combination	 of	 fluid	mixtures,	 gas‐oil,	
water‐oil,	 gas‐water	 and	 water‐oil‐gas.	 This	 led	 to	 development	 of	 velocity	 profile	
models	for	each	of	the	notable	 flow	patterns.	This	 is	a	novel	approach	which	can	be	
adopted	 for	 a	 range	 of	 multiphase	 processes.	 Detailed	 velocity	 profile	 model	
development	can	be	found	in	Chapter	3.	
2. The	 design	 and	 construction	 of	 automated	 multiphase	 flow	 loop	 provided	
opportunity	to	acquire	critical	data	such	as	solid	transport	velocity,	flow	patterns	and	
pressure	 drops	 in	 different	 combination	 of	 oil‐water‐gas‐sand	 flow	 in	 order	 to	
develop	and	improve	on	the	accuracy	of	solid	particle	MTV	for	suspension	and	rolling	
in	multiphase	 flow.	 It	 thus	eliminates	 the	problems	encountered	when	 sourcing	 for	
experimental	data	 for	model	 testing	 and	validation.	The	detailed	design,	 equipment	
requirements	 and	 construction	 processes	 can	 be	 found	 in	 Chapter	 4	 and	 the	 data	
acquired	are	presented	and	discussed	in	Chapter	5.	
3. The	 comprehensive	 experimental	 investigations	 of	 fluid‐fluid	 and	 particle‐fluid	





solid	 particle	 transport	model	 cannot	 be	 used	 to	 predict	 solid	 particle	 transport	 in	









presented	 in	 Chapter	 5	 was	 significant.	 There	 was	 also	 a	 decrease	 in	 MTV	 for	
suspension	and	rolling	with	increase	in	fluid	viscosity.	One	striking	phenomenon	was	
formation	 of	 slug	 flow	 at	 inclined	 surfaces	 for	 large	 diameter	 pipe	which	 generally	
aided	sweeping/transport	of	the	settled	solid	particle	prior	to	arrival	of	turbulent	slug	
nose.	
5. The	 experimental	 results	 clearly	 showed	 that	 the	 capacity	 of	 multiphase	 fluid	 to	
transport	solid	particle	was	found	to	be	dependent	on	the	constituents	of	the	carrier	
fluid	 and	pipe	 inclinations.	 In	water‐sand	 flow,	 there	was	no	 appreciable	 change	 in	




the	 least	 carrying	 capacity	 with	 various	 combination	 of	 water‐oil‐gas	 flow,	 see	





thrown	more	 light	 on	 solid	 transport	 mechanism	 in	 multiphase	 flow.	 The	 analysis	
clearly	showed	that	single‐phase	model	is	inadequate	for	multiphase	flow	prediction	
or	 merely	 extending	 hydraulic	 transport	 model	 to	 sand	 transport	 in	 oil	 &	 gas	
production	 system	 is	 quite	 misleading,	 detailed	 discussions	 in	 Chapter	 3	 &	 6.	 The	
developed	 models	 have	 taken	 on	 board	 these	 concerns.	 It	 has	 been	 shown	 to	
adequately	predict	 for	both	 single‐phase	and	multiphase	 flow	when	 compared	with	
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on	 accurate	 determination	 of	 the	 particle	 drag	 and	 lift	 coefficients.	 The	 generalised	
DC 	 &	 LC models	 were	 found	 to	 be	 inadequate	 for	 accurate	 prediction	 of	 MTV	 in	
multiphase	flow.	Many	of	the	existing	models	were	developed	based	on	single	phase	




8. The	predictions	of	 the	proposed	MTV	models	 for	suspension	and	rolling	 in	slug	and	





9. The	 proposed	 MTV	 models	 for	 suspension	 and	 rolling	 combined	 the	 numerically	
developed	 particle	 velocity	 profile	 models	 with	 semi‐empirical	 models	 for	 solid	
particle	 transport.	 It	 took	 into	 account	 the	 key	 parameters	 that	 influences	 particle	
transport	 in	 pipe	 flow	 and	 thus	 eliminates	 inaccuracies	 currently	 experience	 with	
similar	 models	 in	 public	 domain.	 The	 combined	 models	 were	 implemented	 on	
Microsoft	Excel	(VB)	program	for	optimisation	of	MTV	models	in	multiphase	flow.	
10. The	 proposed	 models	 can	 be	 used	 to	 predict	 sand	 bed	 formation	 in	 subsea	
tieback/pipeline.	 It	 can	 be	 applied	 in	 typical	 field	 scenarios	 by	 up	 scaling	 the	
operating	parameters.	 It	has	 the	potential	 to	solve	problems	of	pipe	and	equipment	












1. The	development	of	minimum	 transport	 velocity	models	 for	 suspension	 and	 rolling	




2. The	 prediction	 of	 MTV	 for	 suspension	 and	 rolling	 in	 horizontal,	 high	 angle	 and	
vertical	pipes	rely	on	accurate	determination	of	the	particle	drag	and	lift	coefficients.	
The	 generalised	 DC 	 &	 LC 	 models	 were	 found	 to	 be	 inadequate	 for	 accurate	
prediction	of	MTV	 in	multiphase	 flow.	Many	of	 the	existing	models	were	developed	
based	on	single	phase	flow.	In	this	research,	drag	and	lift	coefficient	models	have	been	
developed	 that	 accurately	 account	 for	 the	 complexities	 associated	with	multiphase	
flow	 in	 pipes.	 The	 models	 developed	 were	 found	 to	 have	 better	 prediction	 within	
tolerable	margin	of	error	when	compared	with	existing	models	from	the	literatures.	
3. The	 research	 presents	 a	 unique	 concept	 of	 velocity	 profile	 for	 the	 development	 of	
appropriate	minimum	transport	velocity	(MTV)	models	for	solid	transport	in	subsea	
tiebacks.	Clear	definitions	and	prediction	of	 flow	patterns	contributed	hugely	 to	 the	
development	 of	 MTV	 for	 suspension	 and	 rolling	 in	 subsea	 tiebacks,	 therefore	
eliminating	 the	 uncertainties	 in	 flow	 pattern	 prediction	 and	 characterisation	 in	
multiphase	 flow.	This	was	novel	as	 the	concept	has	never	been	used	 in	 the	study	of	
solid	transport	in	multiphase	flow.	
4. Part	 of	 the	 deliverable	 for	 this	 research	was	 the	 design	 and	 construction	 of	multi‐
purpose	 multiphase	 flow	 loop.	 The	 new	 test	 facility	 was	 designed	 and	 built	 to	
replicate	 real	 time	multiphase	 oil‐water‐gas	 transport	 in	 pipeline	 with	 varied	 pipe	
dimensions	 and	 inclination	 in	 order	 to	 replicate	 true	 field	 scenarios	 and	 generate	
appropriate	 data	 for	 multiphase	 particle	 Reynolds	 number,	 DC ,	 LC and	 for	 MTV	
models	validation	in	multiphase	flow.		
5. The	 research	 presents	 new	 experimental	 data	 on	 solid	 transport	 behaviour	 in	
multiphase	 pipe	 flow	 systems	 and	 the	 associated	 effects	 of	 system,	 operating	 and	












1. The	 research	 involved	 experimental	work	 that	 investigates	 different	 flow	 phenomenon	
associated	with	multiphase	sand	transport	in	pipes.	The	influence	of	flow	patterns	on	the	
carrying	capacity	of	the	fluid	was	well	documented	in	Chapter	5.	Sand	transport	velocity	
data	 in	 different	 flow	 patterns	 was	 acquired	 in	 order	 to	 develop	 particle	 drag	 and	 lift	
coefficients	in	multiphase.	This	was	critical	in	the	development	of	appropriate	minimum	
transport	 velocity	 models	 either	 for	 particle	 suspension	 or	 rolling	 in	 pipeline/tieback.	
However,	the	flow	patterns	observed	are	constantly	changing	and	the	observer	needed	to	
keep	pace	with	 these	 changes	 in	 real	 time.	There	were	obvious	difficulties	 experienced	
with	 visual	 observation	 and	 video	 capturing	 of	 changing	 flow	 patterns	 through	 the	
transparent	 test	 section	 during	 the	 experiment.	 Though	 the	method	met	 the	 objectives	
but	the	limitations	of	the	method	cannot	be	ignored.	It	is	sometimes	difficult	to	recognise	





in	multiphase	 flow	 in	 pipes.	 The	 principal	method	 adopted	was	 the	 concept	 of	 particle	
minimum	transport	velocity.	It	required	CFD	simulation	of	multiphase	fluid	flow	in	pipes	
in	 order	 to	 develop	 velocity	 profiles	 models	 for	 different	 flow	 pattern	 predictions,	
discussed	in	Chapter	3.	The	developed	velocity	profile	models	served	as	basis	upon	which	
solid	 minimum	 transport	 velocity	 models	 in	 multiphase	 flow	 were	 developed.	 The	








4. The	model	 developed	 in	 this	 case	 assumed	 isothermal	 system.	 A	 possible	 new	 area	 of	
research	 for	solid	 transport	 in	multiphase	 flow	in	subsea	tieback	could	be	to	 look	at	an	
159 
 
adiabatic	 system.	The	 investigation	of	 the	 impact	of	 temperature	on	 the	 sand	 transport	
mechanism	in	multiphase	can	be	achieved	either	by	experiment	or	numerical	method.	It	
may	be	possible	 to	 install	heating	system	as	part	of	 the	experimental	set	up	 in	order	 to	











































































































































































































































































































































































































































































































Vr	 r	 Vr	 r	
0	 0.1524	 0	 0.1524	
0.000416	 0.138465	 0.000349	 0.138465	
0.000645	 0.128722	 0.000573	 0.128722	
0.000678	 0.127288	 0.000605	 0.127288	
0.00074	 0.123742	 0.000681	 0.123742	
0.000912	 0.113092	 0.000899	 0.113092	
0.000973	 0.109461	 0.000968	 0.109461	
0.001352	 0.086445	 0.001357	 0.086445	
0.001376	 0.084819	 0.00138	 0.084819	
0.001569	 0.060914	 0.00168	 0.060914	
0.001571	 0.060618	 0.001684	 0.060618	
0.001573	 0.060252	 0.001687	 0.060252	
0.00163	 0.046695	 0.001812	 0.046695	
0.00168	 0.031851	 0.001913	 0.031851	
0.001708	 0.023272	 0.001953	 0.023272	
0.001746	 0.001129	 0.002	 0.001129	
0.001747	 ‐0.00011	 0.002	 ‐0.00011	
0.001747	 ‐0.00153	 0.002	 ‐0.00153	
0.001735	 ‐0.01939	 0.001968	 ‐0.01939	
0.001722	 ‐0.02741	 0.001935	 ‐0.02741	
0.001707	 ‐0.03979	 0.001864	 ‐0.03979	
0.001694	 ‐0.04423	 0.001832	 ‐0.04423	
0.001644	 ‐0.05702	 0.00172	 ‐0.05702	
0.001544	 ‐0.06865	 0.001594	 ‐0.06865	
0.00144	 ‐0.07867	 0.001467	 ‐0.07867	
0.001232	 ‐0.09536	 0.001217	 ‐0.09536	
0.001168	 ‐0.09928	 0.001151	 ‐0.09928	
0.000824	 ‐0.11656	 0.00083	 ‐0.11656	
0.000747	 ‐0.11981	 0.000764	 ‐0.11981	
0.000407	 ‐0.13316	 0.000473	 ‐0.13316	
0.000365	 ‐0.13513	 0.000428	 ‐0.13513	












20%	GOR	 30%	GOR	 40%	GOR	 50%	GOR	
Vr	 r	 Vr	 r	 Vr	 r	 Vr	 r	
0	 ‐0.1513	 0	 ‐0.1513	 0	 ‐0.1513	 0	 ‐0.1513	
0.9615	 ‐0.1266	 0.9617	 ‐0.1266	 0.9613	 ‐0.1266	 0.9630	 ‐0.1266	
0.9825	 ‐0.1175	 0.9825	 ‐0.1175	 0.9807	 ‐0.1175	 0.9833	 ‐0.1175	
1.0247	 ‐0.0796	 1.0240	 ‐0.0796	 1.0221	 ‐0.0796	 1.0243	 ‐0.0796	
1.0289	 ‐0.0747	 1.0282	 ‐0.0747	 1.0262	 ‐0.0747	 1.0285	 ‐0.0747	
1.0447	 ‐0.0314	 1.0435	 ‐0.0314	 1.0433	 ‐0.0314	 1.0439	 ‐0.0314	
1.0468	 ‐0.0060	 1.0456	 ‐0.0060	 1.0455	 ‐0.0060	 1.0458	 ‐0.0060	
1.0467	 0.0091	 1.0455	 0.0091	 1.0454	 0.0091	 1.0456	 0.0091	
1.0419	 0.0462	 1.0409	 0.0462	 1.0409	 0.0462	 1.0409	 0.0462	
1.0314	 0.0743	 1.0302	 0.0743	 1.0295	 0.0743	 1.0308	 0.0743	
1.0268	 0.0868	 1.0255	 0.0868	 1.0246	 0.0868	 1.0263	 0.0868	
0.9968	 0.1144	 0.9965	 0.1144	 0.9960	 0.1144	 0.9970	 0.1144	
0	 0.1513	 0	 0.1513	 0	 0.1513	 0	 0.1513	
	 	 	 	 	 	 	 	
0	 ‐0.1513	 0	 ‐0.1513	 0	 ‐0.1513	 0	 ‐0.1513	
0.9493	 ‐0.1266	 0.9466	 ‐0.1266	 0.9477	 ‐0.1266	 0.9491	 ‐0.1266	
0.9756	 ‐0.1175	 0.9729	 ‐0.1175	 0.9727	 ‐0.1175	 0.9749	 ‐0.1175	
1.0318	 ‐0.0796	 1.0305	 ‐0.0796	 1.0287	 ‐0.0796	 1.0311	 ‐0.0796	
1.0375	 ‐0.0747	 1.0362	 ‐0.0747	 1.0343	 ‐0.0747	 1.0369	 ‐0.0747	
1.0596	 ‐0.0314	 1.0596	 ‐0.0314	 1.0585	 ‐0.0314	 1.0599	 ‐0.0314	
1.0625	 ‐0.0060	 1.0627	 ‐0.0060	 1.0617	 ‐0.0060	 1.0626	 ‐0.0060	
1.0624	 0.0091	 1.0625	 0.0091	 1.0616	 0.0091	 1.0624	 0.0091	
1.0564	 0.0462	 1.0559	 0.0462	 1.0549	 0.0462	 1.0559	 0.0462	
1.0409	 0.0743	 1.0391	 0.0743	 1.0390	 0.0743	 1.0409	 0.0743	
1.0342	 0.0868	 1.0317	 0.0868	 1.0320	 0.0868	 1.0342	 0.0868	
0.9944	 0.1144	 0.9931	 0.1144	 0.9938	 0.1144	 0.9947	 0.1144	








Vr	 r	 Vr	 r	 Vr	 r	
0	 0.147	 0	 0.147159	 0	 0.147159	
0	 0.152	 0	 0.1524	 0	 0.1524	
0	 ‐0.152	 0	 ‐0.1524	 0	 ‐0.1524	
0	 ‐0.149	 0	 ‐0.14937	 0	 ‐0.14937	
0	 ‐0.149	 0	 ‐0.14937	 0	 ‐0.14937	
0.61	 ‐0.147	 0.221872	 ‐0.14678	 0.246107	 ‐0.14678	
1.401	 ‐0.144	 0.549516	 ‐0.14368	 0.606626	 ‐0.14368	
2.292	 ‐0.14	 1.01262	 ‐0.13995	 1.10766	 ‐0.13995	
3.037	 ‐0.135	 1.50206	 ‐0.13549	 1.625	 ‐0.13549	
3.596	 ‐0.13	 1.935	 ‐0.13012	 2.07335	 ‐0.13012	
4.023	 ‐0.124	 2.28567	 ‐0.12368	 2.43283	 ‐0.12368	
4.361	 ‐0.116	 2.56757	 ‐0.11596	 2.72093	 ‐0.11596	
4.636	 ‐0.107	 2.79741	 ‐0.10669	 2.95561	 ‐0.10669	
4.863	 ‐0.096	 2.98695	 ‐0.09557	 3.14909	 ‐0.09557	
5.05	 ‐0.082	 3.14334	 ‐0.08222	 3.30865	 ‐0.08222	
5.201	 ‐0.066	 3.27005	 ‐0.0662	 3.43782	 ‐0.0662	
5.343	 ‐0.047	 3.39249	 ‐0.04699	 3.56233	 ‐0.04699	
5.344	 ‐0.045	 3.39378	 ‐0.04537	 3.56363	 ‐0.04537	
5.35	 ‐0.038	 3.39936	 ‐0.03831	 3.56924	 ‐0.03831	
5.352	 ‐0.036	 3.4014	 ‐0.0356	 3.57128	 ‐0.0356	
5.352	 ‐0.035	 3.40178	 ‐0.0351	 3.57166	 ‐0.0351	
5.37	 ‐0.011	 3.42026	 ‐0.01087	 3.59015	 ‐0.01087	
5.376	 ‐0.001	 3.42683	 ‐0.00103	 3.59672	 ‐0.00103	
5.379	 0.006	 3.43024	 0.006212	 3.60012	 0.006212	
5.381	 0.015	 3.43278	 0.014664	 3.60261	 0.014664	
5.381	 0.033	 3.43494	 0.033298	 3.60455	 0.033298	
5.38	 0.037	 3.43484	 0.036893	 3.60439	 0.036893	
5.38	 0.038	 3.43481	 0.037857	 3.60436	 0.037857	
5.379	 0.046	 3.43464	 0.046346	 3.60405	 0.046346	
5.276	 0.065	 3.35603	 0.065271	 3.52333	 0.065271	
5.148	 0.081	 3.2537	 0.081042	 3.41862	 0.081042	
4.981	 0.094	 3.11824	 0.094184	 3.28014	 0.094184	
190 
 
4.771	 0.105	 2.94755	 0.105136	 3.1057	 0.105136	
4.513	 0.114	 2.73594	 0.114262	 2.88941	 0.114262	
4.192	 0.122	 2.47359	 0.121868	 2.62087	 0.121868	
3.784	 0.128	 2.14775	 0.128206	 2.28574	 0.128206	
3.25	 0.133	 1.75472	 0.133487	 1.87611	 0.133487	
2.552	 0.138	 1.32417	 0.137888	 1.4189	 0.137888	
1.739	 0.142	 0.898233	 0.141556	 0.96251	 0.141556	
0.853	 0.145	 0.447158	 0.144612	 0.478063	 0.144612	




























Vr	 r	 Vr	 r	 Vr	 r	
0	 0.147159	 0	 0.147159	 0	 0.147159	
0	 0.1524	 0	 0.1524	 0	 0.1524	
0	 ‐0.1524	 0	 ‐0.1524	 0	 ‐0.1524	
0	 ‐0.14937	 0	 ‐0.14937	 0	 ‐0.14937	
0	 ‐0.14937	 0	 ‐0.14937	 0	 ‐0.14937	
0.028085	 ‐0.14678	 0.130201	 ‐0.14678	 0.073545	 ‐0.14678	
0.063637	 ‐0.14368	 0.287477	 ‐0.14368	 0.1621	 ‐0.14368	
0.110113	 ‐0.13995	 0.4787	 ‐0.13995	 0.27043	 ‐0.13995	
0.167188	 ‐0.13549	 0.700447	 ‐0.13549	 0.399654	 ‐0.13549	
0.235631	 ‐0.13012	 0.940115	 ‐0.13012	 0.548283	 ‐0.13012	
0.315857	 ‐0.12368	 1.1755	 ‐0.12368	 0.709454	 ‐0.12368	
0.406787	 ‐0.11596	 1.38639	 ‐0.11596	 0.870661	 ‐0.11596	
0.504205	 ‐0.10669	 1.5654	 ‐0.10669	 1.01911	 ‐0.10669	
0.601066	 ‐0.09557	 1.71418	 ‐0.09557	 1.14795	 ‐0.09557	
0.690255	 ‐0.08222	 1.83603	 ‐0.08222	 1.25578	 ‐0.08222	
0.767003	 ‐0.0662	 1.93286	 ‐0.0662	 1.34282	 ‐0.0662	
0.84403	 ‐0.04699	 2.02024	 ‐0.04699	 1.42333	 ‐0.04699	
0.844716	 ‐0.04537	 2.02084	 ‐0.04537	 1.42392	 ‐0.04537	
0.847684	 ‐0.03831	 2.02346	 ‐0.03831	 1.42647	 ‐0.03831	
0.848778	 ‐0.0356	 2.02431	 ‐0.0356	 1.42732	 ‐0.0356	
0.504205	 ‐0.10669	 1.5654	 ‐0.10669	 1.01911	 ‐0.10669	
0.601066	 ‐0.09557	 1.71418	 ‐0.09557	 1.14795	 ‐0.09557	
0.690255	 ‐0.08222	 1.83603	 ‐0.08222	 1.25578	 ‐0.08222	
0.767003	 ‐0.0662	 1.93286	 ‐0.0662	 1.34282	 ‐0.0662	
0.84403	 ‐0.04699	 2.02024	 ‐0.04699	 1.42333	 ‐0.04699	
0.844716	 ‐0.04537	 2.02084	 ‐0.04537	 1.42392	 ‐0.04537	
0.847684	 ‐0.03831	 2.02346	 ‐0.03831	 1.42647	 ‐0.03831	
0.848778	 ‐0.0356	 2.02431	 ‐0.0356	 1.42732	 ‐0.0356	
0.848978	 ‐0.0351	 2.02446	 ‐0.0351	 1.42748	 ‐0.0351	
0.858956	 ‐0.01087	 2.03234	 ‐0.01087	 1.43542	 ‐0.01087	
0.862402	 ‐0.00103	 2.03446	 ‐0.00103	 1.43774	 ‐0.00103	
0.863645	 0.006212	 2.035	 0.006212	 1.43832	 0.006212	
192 
 
0.86358	 0.014664	 2.03436	 0.014664	 1.4378	 0.014664	
0.861468	 0.033298	 2.03022	 0.033298	 1.43433	 0.033298	
0.860782	 0.036893	 2.029	 0.036893	 1.43328	 0.036893	
0.860604	 0.037857	 2.02869	 0.037857	 1.43302	 0.037857	
0.859049	 0.046346	 2.02597	 0.046346	 1.43069	 0.046346	
0.798009	 0.065271	 1.94748	 0.065271	 1.35972	 0.065271	
0.728936	 0.081042	 1.85469	 0.081042	 1.27689	 0.081042	
0.647011	 0.094184	 1.73625	 0.094184	 1.17258	 0.094184	
0.557809	 0.105136	 1.59061	 0.105136	 1.04719	 0.105136	
0.467969	 0.114262	 1.41493	 0.114262	 0.902839	 0.114262	
0.382941	 0.121868	 1.20835	 0.121868	 0.747015	 0.121868	
0.305386	 0.128206	 0.97918	 0.128206	 0.592066	 0.128206	
0.235534	 0.133487	 0.747273	 0.133487	 0.448646	 0.133487	
0.172318	 0.137888	 0.532178	 0.137888	 0.320775	 0.137888	
0.114319	 0.141556	 0.340912	 0.141556	 0.206688	 0.141556	
0.056149	 0.144612	 0.162986	 0.144612	 0.098957	 0.144612	





















Vr	 r	 Vr	 r	
0	 ‐0.047632	 0	 ‐0.047632	
0.109947	 ‐0.047448	 0.106554	 ‐0.04661	
0.107097	 ‐0.047558	 0.105704	 ‐0.045472	
0.106554	 ‐0.04661	 0.104417	 ‐0.044107	
0.105704	 ‐0.045472	 0.102493	 ‐0.042469	
0.104417	 ‐0.044107	 0.0996854	 ‐0.040503	
0.102493	 ‐0.042469	 0.0956049	 ‐0.038145	
0.0996854	 ‐0.040503	 0.0895883	 ‐0.035315	
0.0956049	 ‐0.038145	 0.0806586	 ‐0.03192	
0.0895883	 ‐0.035315	 0.0672921	 ‐0.027848	
0.0806586	 ‐0.03192	 0.0426123	 ‐0.022963	
0.0672921	 ‐0.027848	 0.0426123	 ‐0.022963	
0.0426123	 ‐0.022963	 0.0426138	 ‐0.022961	
0.0426123	 ‐0.022963	 0.105626	 ‐0.006673	
0.0426138	 ‐0.022961	 0.125087	 ‐0.001002	
0.105626	 ‐0.006673	 0.128105	 ‐0.000386	
0.125087	 ‐0.001002	 0.128119	 ‐0.000385	
0.128105	 ‐0.000386	 0.12812	 ‐0.000385	
0.128119	 ‐0.000385	 0.131679	 1.38E‐05	
0.12812	 ‐0.000385	 0.138132	 0.0005649	
0.131679	 0.00E+00	 0.17057	 0.0034377	
0.138132	 0.0005649	 0.170634	 0.0034431	
0.17057	 0.0034377	 0.170646	 0.0034441	
0.170634	 0.0034431	 0.395751	 0.0226392	
0.170646	 0.0034441	 0.395757	 0.0226396	
0.395751	 0.0226392	 0.39577	 0.0226407	
0.395757	 0.0226396	 0.749045	 0.02745	
0.39577	 0.0226407	 0.887188	 0.0314586	
0.749045	 0.02745	 0.974774	 0.0348001	
0.887188	 0.0314586	 0.992587	 0.0375858	
0.974774	 0.0348001	 0.941424	 0.0399078	
0.992587	 0.0375858	 0.838183	 0.041843	
194 
 
0.941424	 0.0399078	 0.703386	 0.0434559	
0.838183	 0.041843	 0.553234	 0.0448002	
0.703386	 0.0434559	 0.400055	 0.0459205	
0.553234	 0.0448002	 0.254454	 0.0468541	
0.400055	 0.0459205	 0	 0.0476322	
0.254454	 0.0468541	 	 	






























Stratified	smooth	flow	 	 Stratified	wavy	flow	 	 Dispersed	bubble	flow	
Vsg	 Vsl	 	 Vsg	 Vsl	 	 Vsg	 Vsl	
0.41	 0.43	 	 1.09	 0.109	 	 15.18	 0.001	
0.03	 0.25	 	 2.19	 0.044	 	 15.02	 0.002	
0.03	 0.64	 	 1.8	 0.058	 	 15.37	 0.005	
0.06	 0.42	 	 3.2	 0.098	 	 15.09	 0.01	
0.13	 0.3	 	 1.6	 0.054	 	 15.01	 0.015	
0.35	 0.55	 	 2.9	 0.08	 	 15.04	 0.02	
0.46	 0.33	 	 1.01	 0.062	 	 15.02	 0.025	
0.19	 0.37	 	 3.6	 0.092	 	 15.45	 0.03	
0.62	 0.59	 	 3.2	 0.075	 	 15.29	 0.035	
0.03	 0.13	 	 1.9	 0.05	 	 15.06	 0.04	
0.13	 0.13	 	 1.8	 0.06	 	 14.76	 0.045	
0.35	 0.13	 	 2.7	 0.09	 	 15.4	 0.049	
0.85	 0.02	 	 2.03	 0.46	 	 1.809	 0.52	
0.46	 0.02	 	 1.28	 0.62	 	 3.608	 0.45	
0.19	 0.02	 	 1.3	 0.41	 	 3.727	 0.32	
0.06	 0.02	 	 1.12	 0.03	 	 3.686	 0.14	
0.86	 1.64	 	 0.99	 0.17	 	 8.17	 0.42	
0.14	 2.01	 	 1	 0.19	 	 19.144	 0.041	
0.67	 1.28	 	 0.95	 0.46	 	 22.01	 0.0305	
0.13	 0.62	 	 0.72	 0.62	 	 19.14	 0.043	
0.11	 1.59	 	 0.77	 0.13	 	 	 	
0.07	 1.75	 	 3.88	 1.5	 	 	 	
0.49	 1.22	 	 2.46	 1.35	 	 	 	
1.14	 0.98	 	 3.3	 1.28	 	 	 	





Slug	flow	@	15⁰	 	 Elongated	B	flow	@	15⁰	 	 Elongated	B.	flow	@	20⁰	
Vsg	 Vsl	 	 Vsg	 Vsl	 	 Vsg	 Vsl	
6.26	 0.42	 	 3.162	 0.061	 	 10.2	 0.121	
5.52	 0.345	 	 6.084	 0.131	 	 6.45	 0.112	
6.64	 0.155	 	 5.706	 0.061	 	 4.8	 0.121	
5.47	 0.17	 	 6.379	 0.3835	 	 8.2	 0.045	
4.23	 0.22	 	 2.758	 0.118	 	 12	 0.1	
7.89	 0.155	 	 6.084	 0.148	 	 10	 0.179	
13.07	 0.17	 	 5.635	 0.2235	 	 7.2	 0.19	
13.12	 0.22	 	 3.047	 0.3135	 	 6	 0.092	
10.39	 0.145	 	 5.411	 0.3075	 	 10	 0.037	
6.26	 0.42	 	 3.309	 0.4045	 	 9	 0.337	
5.52	 0.345	 	 2.7833	 0.046	 	 18	 0.395	
6.64	 0.155	 	 3.15	 0.09	 	 19	 0.041	
5.47	 0.17	 	 2.972	 0.1415	 	 10	 0.391	
4.23	 0.22	 	 5.333	 0.138	 	 18	 0.112	
7.89	 0.155	 	 2.03	 0.196	 	 14	 0.331	
13.07	 0.17	 	 4.965	 0.2005	 	 13	 0.56	
13.12	 0.22	 	 1.857	 0.292	 	 10	 0.0305	
10.39	 0.145	 	 4.572	 0.2855	 	 12	 0.091	
5.507	 0.065	 	 3.892	 0.4945	 	 12	 0.043	
14.818	 0.0705	 	 2.3	 0.2175	 	 10	 0.677	
15.037	 0.13	 	 5.502	 0.201	 	 8	 0.305	
12.881	 0.2165	 	 3.903	 0.3295	 	 11	 0.24	
10.43	 0.3125	 	 	 	 	 	 	
14.446	 0.0385	 	 	 	 	 	 	














Vsl	 Pressure,	mBar	 Vsl	 Pressure,	mBar	
0.196201	 0.934292	 0.191673	 1.21027	
0.302251	 1.10026	 0.294028	 1.17243	
0.403565	 1.25417	 0.399417	 1.14212	
0.503182	 1.44896	 0.4936	 1.36113	
0.699717	 1.65672	 0.598022	 1.45576	
1.00442	 1.83138	 0.998076	 1.71557	
	 	 	 	
0.08m	horizontal	pipe,	(0.6	m/s	gas	vel.)	 0.07m	horizontal	pipe,	(0.4	m/s	gas	vel.)	
0.204039	 0.911711	 0.199819	 0.695855	
0.306369	 0.967582	 0.29903	 0.656887	
0.403364	 0.834103	 0.397292	 0.771158	
0.499919	 0.795148	 0.495825	 0.841646	
0.704579	 0.906889	 0.702844	 0.873618	
1.01164	 1.05996	 1.00539	 0.961333	
	 	 	 	
0.08m	horizontal	pipe,	(0.4	m/s	gas	vel.)	 0.07m	horizontal	pipe,	(0.3	m/s	gas	vel.)	
0.201369	 1.08098	 0.200246	 0.543487	
0.300819	 1.18941	 0.298849	 0.561553	
0.39903	 1.16758	 0.397676	 0.543394	
0.498496	 1.2701	 0.499184	 0.59055	
0.700718	 1.42806	 0.699296	 0.655772	
1.00375	 1.77742	 1.00409	 0.753771	
0.201426	 0.603934	 	 	
0.298446	 0.499925	 0.07m	horizontal	pipe,	(0.2	m/s	gas	vel.)	
0.403753	 0.562983	 0.199912	 0.478097	
0.50262	 0.661962	 0.299035	 0.42513	
0.704226	 0.736919	 0.400848	 0.423404	
1.01137	 0.838713	 0.502773	 0.407086	
	 	 0.702471	 0.512909	













































0.07m	horizontal	pipe	 	 0.08m	horizontal	pipe	 	 0.1m	inclined	pipe	@	15⁰	
Vsl,	m/s	 Press,	mBar	 	 Vsl,	m/s	 Press,	mBar	 	 Vsl,	m/s	 Press,	mBar	
0.8998	 1.888322	 	 0.9098	 1.847544	 	 0.9201	 1.913352	
0.8982	 1.849034	 	 0.9081	 1.799566	 	 0.9188	 1.891016	
0.8978	 1.808171	 	 0.9075	 1.738783	 	 0.9172	 1.883752	
0.8937	 1.743688	 	 0.9072	 1.691738	 	 0.9168	 1.876471	
0.8921	 1.692794	 	 0.9058	 1.663429	 	 0.9151	 1.8709755	
















































































































































































































Pipe	size,	m	 Gas	velocity,	m/s	 MTV,	m/s	(0.94%	sand)	 MTV,	m/s	(1.42%	sand)	
0.07	 0	 0.8998	 0.9123	
	 0.03	 0.8982	 0.9112	
	 0.04	 0.8978	 0.9098	
	 0.07	 0.8937	 0.9072	
	 0.08	 0.8921	 0.9069	
	 0.09	 0.8905	 0.9063	
0.08	 0	 0.9098	 0.9218	
	 0.05	 0.9081	 0.9189	
	 0.06	 0.9075	 0.9162	
	 0.07	 0.9072	 0.9138	
	 0.08	 0.9058	 0.9126	
0.1	@	15⁰	 0	 0.9201	 0.9349	
	 0.04	 0.9188	 0.9345	
	 0.05	 0.9172	 0.9287	
	 0.07	 0.9168	 0.9271	
	 0.072	 0.9151	 0.9265	
	 0.075	 0.9138	 0.9271	
0.1	@	20⁰	 0	 0.9208	 0.9378	
	 0.04	 0.9205	 0.9375	
	 0.05	 0.92	 0.9355	
	 0.07	 0.919	 0.9345	
	 0.072	 0.9188	 0.9345	
	 0.075	 0.9188	 0.934	
0.1	@	25⁰	 0	 0.9215	 0.9389	
	 0.04	 0.9213	 0.9383	
	 0.05	 0.921	 0.937	
	 0.07	 0.9211	 0.9365	
	 0.072	 0.9211	 0.9365	









Pipe	size,	m	 Gas	velocity,	m/s	 MTV,	m/s	(0.94%	sand)	 MTV,	m/s	(1.42%	sand)	
0.07	 0	 0.8998	 0.9123	
	 0.04	 0.8965	 0.9101	
	 0.045	 0.8948	 0.9093	
	 0.06	 0.8932	 0.9093	
	 0.07	 0.893	 0.9084	
	 0.08	 0.8919	 0.9063	
0.08	 0	 0.9098	 0.9218	
	 0.05	 0.9092	 0.9184	
	 0.06	 0.9075	 0.9143	
	 0.07	 0.9073	 0.9137	
	 0.077	 0.9038	 0.912	
0.1	@	15⁰	 0	 0.9201	 0.9349	
	 0.04	 0.918	 0.934	
	 0.05	 0.9171	 0.9285	
	 0.06	 0.9158	 0.9263	
	 0.07	 0.914	 0.9263	



























Particle	Den	 Particle	Size	 Velocity,	m/s	 Re	 CD	
1066.67	 0.01127	 0.186	 2.9	 14.12926	
1034.48	 0.01035	 0.039	 0.42	 73.2703	
1038.96	 0.01302	 0.126	 1.72	 18.22477	
1052.63	 0.00899	 0.034	 0.32	 96.16358	
1090.91	 0.01281	 0.242	 3.24	 10.51653	
1250.00	 0.01152	 0.017	 0.2	 149.7766	
1100.00	 0.01563	 0.057	 0.93	 33.79908	
	
Two‐Phase	Oil‐Air	Flow	
1066.67	 0.01127	 0.332079	 343.28	 0.532202	
1034.48	 0.01035	 0.095532	 90.65	 1.899549	
1038.96	 0.01302	 0.150241	 179.35	 0.943582	
1052.63	 0.00899	 0.107232	 88.37	 1.296264	
1090.91	 0.01281	 0.333204	 391.35	 1.325062	
1250.00	 0.01152	 0.16388	 173.09	 0.811856	
1100.00	 0.01563	 0.121378	 174	 1.587986	
	
Two‐Phase	Oil‐Water	
1066.67	 0.01127	 0.186	 2.19	 14.12926	
1034.48	 0.01035	 0.039	 0.42	 73.2703	
1038.96	 0.01302	 0.126	 1.72	 18.22477	
1052.63	 0.00899	 0.034	 0.32	 96.16358	
1090.91	 0.01281	 0.242	 3.24	 10.51653	
1250.00	 0.01152	 0.017	 0.2	 149.7766	
1100.00	 0.01563	 0.057	 0.93	 33.79908	
	
Three‐Phase	Oil‐Water‐Air	
1066.67	 0.01127	 0.225128	 6.28	 5.219091	
1034.48	 0.01035	 0.116084	 2.97	 11.65592	
1038.96	 0.01302	 0.119877	 3.86	 8.540476	
1052.63	 0.00899	 0.099228	 2.21	 14.54396	
1090.91	 0.01281	 0.232556	 7.37	 5.316265	
1250.00	 0.01152	 0.095857	 2.73	 11.61268	





































λL	 	0.04	&	L3<Nfr	  	L4	
Slug	Flow	
λL	<	0.04	&	Nfr	 	L1	
Or	
λL	 0.04	&	Nfr	>L4	
Dispersed	Bubble	
Flow	
λL	 0.01	
and	
L2<Nfr	  L3	
Transition	Flow	
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Start
Input	data:	flow	rates	(water,	oil,	gas),	particle	size,	pipe	size,	viscosity	(oil,	water,	gas),	density	
(particle,	oil,	water,	gas)	
Calculate:	VSL,	VSG,	VM,	λ,	hL	
Determine	flow	pattern	
Calculate	velocity	profile	
Assume	velocity	
Determine	Rep,	CD,	CL	
Calculate	VPS,	VPR	
	
abs	VPS	–	VASS	<0.001	 VASS=	(VPS+VASS)/2 
VMin	 	
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Appendix	H:	VB	code	on	Excel	for	MTV	calculations	
	
================================================================	
Solid	transport	velocity	optimisation	program	with	VB	code	in	Excel	
Kelani	Olafinhan	Bello,	Robert	Gordon	University	
Calculating	sand	minimum	transport	velocity	in	multiphase	fluid	flow	in	pipes		
=================================================================	
	
'Flow	type’	
==================================================================	
‘’Define	fluids	input	parameters’’	
Lambda	=	(47	+	i,	7).Value	
Nfr	=	(47	+	i,	6).Value	
L1	=	(47	+	i,	8).Value	
L2	=	(47	+	i,	9).Value	
L3	=	(47	+	i,	10).Value	
L4	=	(47	+	i,	11).Value	
	
If	(lambda	<	0.01	and	Nfr	<	L1)	Or	(lambda	>=	0.01	and	Nfr	<	L2)	Then	
Flow	=	1(stratified	flow)	
	(47	+	i,	14).Value	=	Flow	
GoTo	stratified	flow	model	
	
Else	If	(lambda	>=	0.01	and	lambda	<	0.4	and	Nfr	>	L3	and	Nfr	<	L1)	Or	(lambda	<=	0.04	And	
Nfr	>	L3	and	Nfr	<=	L4)	Then	
Flow	=	2	(slug	flow)	
	(47	+	i,	14).Value	=	Flow	
GoTo	slug	flow	model	
	
Else	If	(lambda	<	0.04	and	Nfr	>=	L1)	Or	(lambda	>=	0.04	and	Nfr	>	L4)	Then	
Flow	=	3	(dispersed	bubble	flow)	
	(47	+	i,	14).Value	=	Flow	
GoTo	dispersed	bubble	flow	
	
Else	If	(lambda	>	0.01	And	Nfr	>	L2	and	Nfr	<=	L3)	Then	
Flow	=	4	(transition	flow)	
	(47	+	i,	14).Value	=	Flow	
GoTo	transition	flow	model	
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Else	
Flow	=	5	(annular	flow)	
	(47	+	i,	14).Value	=	Flow	
GoTo	annular	flow	model	
End	If	
	
	
‘MTV	Calculations	
========================================================================	
‘’Define	solid	particle	input	parameters’’	
Logline	=	1	
Counter	=	1	
Angnumber	=	1	
IncTheta	=	Cells	(29,	1).Value	
	
Do	'	Slug	Vp	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	3.3	*	fm	*	(Re	^	0.347)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.11	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vps	=	a	*	(((g	*	Partsize	/	(DenM	*	CL))	*	(DenP	‐	DenM)	*	(Sin(IncTheta)))	^	b)	*	(Pid	*	DenM	
/	Umix)	^	c	
Assvel	=	(Vps	+	Assvel)	/	2	
Vmin	=	Vps	+	Vr	
	
Loop	While	Abs	(Vps	‐	Assvel)	>	0.0001	
Cells	(47	+	i,	15).Value	=	Vmin	
Avgvel	=	Range.	Value	
Assvel	=	Range.	Value	
	
Do	'	Slug	Vr	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	3.3	*	fm	*	(Re	^	0.347)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.11	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
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CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vpr	=	a2	*	(g	*	Partsize	*	((DenP	/	DenM)	‐	1)	*	(Cos(IncTheta)	+	(fs	*	Sin(IncTheta)))	/	((fs	*	
CL)	+	CD))	^	b2	
Assvel	=	(Vpr	+	Assvel)	/	2	
Vmin	=	Vpr	+	Vr	
	Loop	While	Abs	(Vpr	‐	Assvel)	>	0.0001	
	
Cells	(47	+	i,	16).Value	=	Vmin	
GoTo	slug	flow	
IncTheta	=	Cells	(29,	1).Value	
Assvel	=	Range	("B8").Value	
Do	'	Dispersed	bubble	Vsp	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	3.7	*	fm	*	(Re	^	0.366)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.37	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vps	=	a	*	(((g	*	Partsize	/	(DenM	*	CL))	*	(DenP	‐	DenM)	*	(Sin	(IncTheta)))	^	b)	*	(Pid	*	DenM	
/	Umix)	^	c	
Assvel	=	(Vps	+	Assvel)	/	2	
Vmin	=	Vps	+	Vr	
Loop	While	Abs	(Vps	‐	Assvel)	>	0.0001	
Cells	(47	+	i,	15).Value	=	Vmin	
Avgvel	=	Range.	Value	
Assvel	=	Range.	Value	
Do	'	dispersed	Bubble	Vr	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	3.7	*	fm	*	(Re	^	0.366)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.37	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vpr	=	a2	*	(g	*	Partsize	*	((DenP	/	DenM)	‐	1)	*	(Cos(IncTheta)	+	(fs	*	Sin(IncTheta)))	/	((fs	*	
CL)	+	CD))	^	b2	
Assvel	=	(Vpr	+	Assvel)	/	2	
Vmin	=	Vpr	+	Vr	
Loop	While	Abs	(Vpr	‐	Assvel)	>	0.0001	
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Cells	(47	+	i,	16).Value	=	Vmin	
GoTo	dispersed	bubble	
IncTheta	=	Cells	(29,	1).Value	
Assvel	=	Range.	Value	
Do	'	Annular	Flow	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	1.863	*	fm	*	(Re	^	0.4)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.11	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vps	=	a	*	(((g	*	Partsize	/	(DenM	*	CL))	*	(DenP	‐	DenM)	*	(Sin	(IncTheta)))	^	b)	*	(Pid	*	DenM	
/	Umix)	^	c	
Assvel	=	(Vps	+	Assvel)	/	2	
Vmin	=	Vps	+	Vpr	
Loop	While	Abs	(Vps	‐	Assvel)	>	0.0001	
Cells	(47	+	i,	15).Value	=	Vmin	
Avgvel	=	Range.	Value	
Assvel	=	Range.	Value	
Do	'	Annular	Flow	
R	=	Pradius	‐	(Partsize	/	2)	
Vr	=	1.863	*	fm	*	(Re	^	0.4)	*	Avgvel	*	(1	‐	(R	/	Pradius)	^	2)	^	1.11	
Rep	=	(Avgvel	*	DenM	*	Partsize)	/	Umix	
CD	=	((24	/	Rep)	*	(1	+	(0.15	*	(Rep	^	0.687)))	+	((3.5	/	(1	+	(42500	*	(Rep	^	‐1.17))))))	
CL	=	2.975	/	((Rep	^	2)	+	1.2)	^	0.165	
Vpr	=	a2	*	(g	*	Partsize	*	((DenP	/	DenM)	‐	1)	*	(Cos	(IncTheta)	+	(fs	*	Sin	(IncTheta)))	/	((fs	*	
CL)	+	CD))	^	b2	
Assvel	=	(Vpr	+	Assvel)	/	2	
Vmin	=	Vpr	+	Vr	
Loop	While	Abs	(Vpr	‐	Assvel)	>	0.0001	
Cells	(47	+	i,	16).Value	=	Vmin	
GoTo	annular	flow	
i	=	i	+	1	
Loop	
End	Sub	
